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GENERAL INTRODUCTION 
Until the early part of the nineteenth century it was 
widely believed that the centre of sensation and perceptual 
processing in the brain lay within the thalamus and midbrain, 
while the function of the overlying cerebral hemispheres 
presented something of a mystery. The pioneering experiments 
of Fluorens (1842) showed however, that removal of parts of 
the cortex (while leaving the lower cerebral tissue intact) 
severely altered the behaviour of pigeons and chickens and 
he concluded that the intellectual faculties, the "will", 
and the sensory performance of "perception" were localized in 
the cerebral hemispheres Of specific importance was his 
observation that unilateral destruction of the cortex resulted 
in a permanent loss of sight in the contralateral eye. Later, 
Munk (e.g. 1890) showed that a localized area of the cortex 
of the occipital lobe was essential for vision in the dog 
and monkey and Henschen (1893) reached the same conclusion 
from a clinicopathological examination of human brains. 
The concept that particular areas of the cortex were 
concerned with specific functional tasks was supported by the 
work of Fleschig (cf. Clarke and O'Malley, 1968) who observed 
that the myelination of nerve fibres occurred initially in the 
pathways arising from the sense organ (the primary pathway) 
and only later in pathways linking one cortical area to 
another. He found five primary regions or sensory centres 
in each cerebral hemisphere corresponding to the principal 
afferent fibre tracts which arise from the various sense organs. 
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However these regions made up less than one-third of the entire 
cortex. The remainder of the cortical surface he described as 
comprising secondary or association areas. These regions did 
not have direct access to incoming sensory information but were 
involved in the elaboration of higher and more intellectual 
functions including memory and the integration of sensory 
information in order to perform complex behavioural acts. 
With the realisation of the crucial role that the cortex 
played in higher cerebral functions, anatomists began to look 
more closely at its fine structure. The first to have noticed 
any local variation in cortical architecture was Gennari (cf. 
Polyak, 1957) who observed a white line which was most readily 
visible in the occipital lobe. This work was further expanded 
by Baillager (1840) and Remak (1844) who maintained that, as 
one proceeded from the pia to the underlying white matter, the 
. 
cortex could be subdivided into a maximum of six parallel layers. 
The advent of better fixation and staining techniques 
allowed a more detailed study of the intrinsic architecture 
of the grey matter of cerebral cortex and it was now possible 
from the variations in cellular patterns in histological sections 
to recognise different cortical regions. Nissl stains, which 
stain the cell bodies, were used by both Campbell (1904) and 
Brodmann (1909) to map cytoarchitectural subdivision of the 
cortex. Brodmann (1909) identified 52 such subdivisions in the 
cerebral cortex and agreed that the cortex could be subdivided 
into six layers, the relative dimensions of each lamina 
varying in different cortical regions. Campbell (1904), and 
later Economo (1929), recognised five basic types of cortical 
organization based on an examination of the cytoarchitecture 
of the various areas. In this work it was recognised that in 
motor cortex, lamina V and VI were well developed (agranular 
cortex) whereas in sensory areas lamina IV was preeminent 
(granular cortex). From these studies, basic principles were 
developed in relating functional performance to the laminar 
pattern in cerebral cortex. Briefly lamina IV was regarded 
as the receiving lamina, laminae I, II and III were the 
correlating laminae interpreting information arriving at 
lamina IV, and laminae V and VI were the motor or efferent 
layers acting on information received and interpreted in the 
outer layers. 
More recently, a number of histological techniques have 
been developed for tracing the nerve pathways linking the 
various parts of the central nervous system. These include: 
11 • Degeneration of nerve terminals. Following damage of a 
cell body, its axon terminals degenerate and may be revealed 
by a reduced silver staining technique. 
B. Orthograde transport of radioactive metabolites to nerve 
terminals (autoradiography). After radioactively labelled 
metabolites are injected around a cell body, they are taken 
up and transported to the axon terminals. The location of 
these metabolites can be shown by developing histological 
sections previously coated with photographic emulsion. 
C. Retrograde transport of horseradish peroxidase . When 
injected around nerve terminals, this enzyme is retrogradely 
transported back along the axon to the cell body where its 
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presence may be revealed with histological stains. This 
technique enables the precise location of the efferent cell 
body to be determined. 
In the visual system, these techniques have been used to 
great effect in studying the connectivity between one region 
and another. It is inappropriate in this introduction to give 
a detailed account of the results obtained using these methods 
and a more comprehensive analysis is presented in the relevant 
chapters that follow. In outline, these techniques have shown 
that lamina IV in both the striate (area 17) and parastriate 
(area 18) cortex receives most of the primary projection from 
the lateral geniculate nucleus. Efferent cells, projecting 
subcortically are located in laminae V and VI and appear to 
have a pyramidal morphology. Efferent cells are also found 
in laminae II and III but these send axons to other cortical 
regions and may be regarded as an extension of the correlation 
of visual information which occurs within any given cortical 
area. 
Broadly speaking, the neurohistological concepts that 
prevailed early in the present century have provided a sound 
basis for the interpretation of information processing in the 
cortex. More modern neuroanatomical techniques have 
experimentally confirmed many of the early proposals regarding 
the intrinsic organization of cortical areas and have extended 
this work by describing the origin and destination of afferent 
and efferent pathways which enter or leave the cortex. Given 
the wealth of anatomical data now available, the way is open 
for a physiological analysis of the functional properties of 
4 
these intrinsic and extrinsic cortical pathways. Such an 
analysis is undertaken in this thesis. Experiments have 
been mostly confined to an examination of the afferent and 
efferent connections of two visual cortical areas (areas 17 
and 18) in the occipital lobe of the cat. The functional 
elaboration that takes place in the early stages of the 
processing of incoming visual information has been examined. 
In addition it has proved possible to determine the stage 
that functional organization has reached prior to projection 
to extrinsic sites. 
SYNOPSIS OF STUDY 
If, as suggested by the anatomy, different cortical 
laminae perform different functions, it might be expected 
that this segregation would be reflected in the response 
properties of cortical cells. As a first step therefore, 
the laminar distributions of the various types of striate 
and parastriate neurons (d efined by their response to visual 
stimulation) are examined. 
Chapters 1 and 2. 
These results are discussed in 
An analysis of the laminar distribution of functional 
cell types, in itself however, provides only indirect evidence 
concerning the nature of cortical processing. In order to 
study the connectivity of visual neurons more directly, their 
afferent input has been examined using electrical stimulation 
techniques. To this end, stimulating electrodes were placed 
in the optic chiasm and optic radiation and the afferent 
connectivity of striate and parastriate neurons has been 
5 
compared to their visual receptive field properties and their 
laminar distribution. Consistent with anatomical studies, 
the physiological analysis indicates that incoming visual 
information is received in lamina IV (and to some extent 
in lamina VI) and is then relayed to more superficial layers 
and to lamina V. 
The efferent connectivity of the striate and parastriate 
cortex is examined in Chapters 3, 4 and 5. Stimulating 
electrodes were placed in a number of cortical and subcortical 
sites; the superior colliculus, the ipsilateral Clare-Bishop 
cortex, the corpus callosum, the contralateral visual cortex 
and in or close to the lateral geniculate nucleus. The 
studies confirm that subcortically projecting neurons are 
confined to the deeper layers (laminae V and VI) while cells 
efferent to other cortical regions are located in lamina III. 
The visual properties of the various types of efferent neuron 
have been examined and the results are discussed with regard 
to the functional significance of the subcortical and cortico-
cortical projections. 
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In addition, the afferent connections of efferent neurons 
have been examined in order to study the input-output relations 
of areas 17 and 18. The results indicate that the input to 
cells projecting out of the cortex does not necessarily pass 
through the correlating laminae (II and III) and shows that 
some efferent neurons are monosynaptically excited by 
geniculocortical afferents. 
C H A P T E R 0 N E 
THE AFFERENT CONNECTIONS AND LAMINAR DISTRIBUTION 
OF CELLS IN AREA 17 
t . 
INTRODUCTION 
Area 17 of the cat has been the subject of a great deal of 
intensive physiological research over the past 15 to 20 years. 
In general terms, a large proportion of this work has been 
directed towards an understanding of how incoming visual 
information is elaborated and processed within the striate 
cortex. Hubel and Wiesel (1962), the pioneers in this field, 
concluded that neural signals progressed through a heirarchical 
sequence in which each cell received afferents from two or more 
neurons in the preceding stage. From an analysis of the 
receptive field properties and laminar distribution of striate 
neurons, Hubel and Wiesel (1962) suggested that geniculocortical 
fibres innervated simple cells which in turn provided the input 
to cells with complex receptive fields. In a later study, Hubel 
and Wiesel (1965) extended this heirarchical concept by 
proposing that complex cells were afferent to the hypercomplex 
cells encountered in areas 18 and 19. Subsequently it has become 
clear that hypercomplex cells also exist in the striate cortex 
(Dreher, 1972; Bishop and Henry, 1972; Kelly and Van Essen, 1974; 
Wilson and Sherman, 1976; Camarda and Rizzolatti, 1976a; Gilbert, 
1977; Sillito, 1977a,b; Sillito and Versiani, 1977; Henry, Lund 
and Harvey, 1978; Kato, Bishop and Orban, 1978) but this 
discovery does not invalidate the heirarchical scheme of Hube l 
and Wiesel. 
The concept of serial processing within the visual cortex 
has been pervasive throughout the literature for many years. 
However, recent studies which have examined the responses of 
cells to electrical stimulation of the primary'visual pathway 
have cast serious doubts on the validity of Hubel and Wiesel's 
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proposal. Specifically it has been shown that after stimulation 
of the optic chiasm (OX) or optic radiation (OR), the latencies 
of many complex cells are shorter than the earliest simple cell 
response (Hoffmann and Stone, 1971; Stone and Dreher, 1973; Singer, 
Tretter and Cynader, 1975). Obviously such a result is not 
consistent with the heirarchical concept that complex cells 
derive their input solely from simple cells. 
The situation becomes even more complicated when 
consideration is given to the observation that there is more than 
one stream of information being transmitted to · the striate cortex 
from the dorsal lateral geniculate nucleus (dLGN). Anatomical 
studies have shown that both large and small geniculate neurons 
project to area 17 (Garey and Powell, 1967, 1~71; Gilbert and 
Kelly, 1975; Laemle, 1975; Garey and Blakemore, 1977; Hollander 
and Van e g a s , 1 9 7 7 ; l' e n n e d y and Ba 1 e yd i e r , 1 9 7 7 ; Le Vay and 
Ferster, 1977). These geniculatc cells are likely to be Y and X 
respectively (e.g. LeVay and Ferster, 1977) and consistent with 
this, Stone and Dreher (1973) were able to activate both types 
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of neuron at low thresholds after electrical stimulation of the 
striate cortex. In addition, the W cell (Wilson, Stone and 
Sherman, 1976) and the sluggish and non-concentric geniculate 
neurons (Cleland, Levick, Morstyn and Wagner, 1976) may also 
project to area 17. 
Are these streams kept separate in the cortex or do they 
converge onto single striate neurons? On the basis of the 
orthodromic OX and OR latencies of cells in area 17, Hoffmann 
and Stone (1971) and Stone and Dreher (1973) s uggested that 
simple and complex cells were innervated by X and Y geniculate 
cells respectively. They proposed that afferent information is 
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processed in parallel rather than serially in the striate cortex. 
Singer et al. (1975) also found little evidence for serial 
elaboration within area 17 although their results differed in 
that both simple and complex cells could be driven by either 
X- or Y-type afferents. Singer et al. (1975) concluded that 
parallel processing did occur but that it was reflected in 
the simple/complex dichotomy rather than in th·e distinction 
between X and Y streams. 
Although the electrical stimulation studies described above 
reach the same general conclusion, there are clearly some 
important differences with respect to specific details about the 
afferent connectivity of striate neurons. Furthermore, none of 
the earlier studies have examined the laminar di s tribution of the 
different types of cell within area 17. Geniculocortical fibres 
terminate mostly in lamina IV but also to some · extent in lamina VI 
of the striate cortex. (Colonnier and Rossignol, 1969; 
Rosenquist, Edwards and Palmer, 1974; LeVay and Gilbert, 1976). 
It might be expected therefore that monosynaptically activated 
cells would be found most commonly in these two layers. In this 
regard it is somewhat paradoxical that both simple and complex 
cells are directly innervated by geniculate axons yet simple 
cells are by far the commonest cell type encountered in lamina IV 
(Hubel and Wiesel, 1962; Kelly and Van Essen, 1974; Gilbert, 1977; 
Sillito, 1977a; Kato, Bishop and Orban, 1978) 
In an attempt to clarify some of the problems outlined in 
the foregoing, the present study combines a laminar analysis 
with an examination of the afferent connectivity of striate 
neurons. The general receptive field properties and laminar 
disposition of the various striate receptive field classes are 
considered in the first part of the analysis. In the second 
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part the afferent connections of cells in area 17 are correlated 
with the neurons' receptive field properties and laminar position. 
Special attention was given to a study of the OX-OR latencies 
and visual properties of geniculocortical axons recorded within 
the grey matter of the cortex. Information about the response 
latencies of different classes of geniculate afferents proved an 
important aid in the assessment of the type of fibre innervating 
striate neurons. 
METHODS 
The general experiment techniques de s cribed below have 
been employed in all of the physiological studies presented in 
this thesis. 
Cats (weight range 2.5 to 4.0 kg) were anaesthetised with 
a halothane (induced on 4%, maintained on 1-1.5%) and 70% 
N20/30% o2 mixture for the surgical procedures. A trachael 
cannula was inserted which contained a specia1ly designed inner 
sleeve to allow free passage of the gas mixture. This inner 
sleeve could be withdrawn at any time to remove mucus which 
often collected at the base of the cannula. The animal's 
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temperature was maintained at 38° by an electric heating blanket 
controlled by a thermistor placed under the scapula. Pressure 
on the thorax was reduced by suspending the animal from a spinal 
clamp. Eye movements were reduced to a very low level by 
paralysis of the animal and by bilateral cervi~al sympathectomy. 
Paralysis was induced by an initial intravenoup injection of 
40 mg gallamine triethiodide (Flaxedil; May and Baker) and was 
maintained by a continuous intravenous infusion of a mixture 
of Flaxedil (16.3 mg/hr), C-toxiferine I (toxiferine dichloride; 
Hoffmann La Roche) (1.0 mg/hr) and dextrose (J.T. Baker) (260 
mg/hr) in a 0.9 % saline solution (5.8 ml/hr) 
Long lasting local anaesthetic (Marcain; Astra) was infused 
into all wound margins after completion of the surgery, as was 
Neosporin (Calmic Pharmaceuticals) a topical antibiotic powder. 
After paralysis and during recording, animals were artificiall y 
respired with a 70% N2 0/30% o2 mixture usually at a rate of 25 
strokes per minute. Stroke volume varied from about 40-50 ml 
per stroke depending on the size of the cat. Daily, 0.2 ml 
of an antibiotic, triplopen (Glaxovet) was injected 
intramuscularly into the cat and occasionally 2.5 mg 
hydrocortisyl (Roussel) was si@ilarly administered. 
The corneas were protected with plastic contact lenses of 
zero power and the eyelids and nictitating membranes were 
retracted with neosynephrine {Winthrop) (2.5%). A drop of 
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Neosporin ophthalmic solution (Calmic Pharmaceuticals) was placed 
on each 
{ 1 % ) • 
eye and the pupils were dilated with atropine (Sigma) 
An indirect ophthalmoscope (Fundus Camera, Carl Zeiss, 
Oberkochen/Wuertt) was used for projecting retinal landmarks. 
Artificial pupils (3 mm in diameter) were centred on the area 
centralis using the modified viewing system of. the fundus camera 
{Bishop, Henry and Smith, 1971). A slit retinoscope (Hamblin) 
was used to refract the cat for a viewing distance of one metre 
and appropriate spectacle lenses were placed i .n front of the 
artificial pupil. The blind spot and area centralis of each 
eye were plotted at intervals during the course of the experiment 
in order to monitor eye position. 
During surgery, small craniotomies were performed for the 
insertion of the recording and stimulating electrodes. The dura 
was removed at all of these sites . For recording, a tungsten 
in glass microelectrode {Levick, 1972) was placed just above 
the cortical surface. A recording chamber, previously cemented 
around the craniotomy was then sealed with agar and wax (Bishop, 
Henry and Smith, 1971). The recording electrode was driven down 
until contact was made with the cortex. This was recognized by 
a sudden increase in the background noise level followed, 
usually within 100-200µ, by a cell death. Thence forward, the 
electrode was advanced at lµ steps using an electrically driven 
Kopf microdrive. Conventional differential amplification and 
filtering (band pass 60 Hz to 6000 Hz) were used to record 
the activity of single neurons isolated by the electrode. 
Extracellularly recorded action potentials were monitored both 
auditorily on an audio anplifier and visually on a cathode ray 
oscilloscope (Tektronix Dual Beam RM565). 
The stereotaxic head holder used in these experiments was 
similar to that described by Bishop, Kozak, Levick and Vakkur 
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(1962). The animal's head, but not its body, was tilted forward 
0 12.5 to the horizontal so as to bring the visual axis parallel 
to the floor and perpendicular to the tangent screen. The 
general arrangement of the cat and the hand plotting table has 
previously been described (Bishop, Henry and Smith, 1971). 
All receptive fields were plotted using hand held visual stimuli. 
Slits or spots of light were projected on the plotting table by 
means of a hand-held Keeler Projectoscope and black targets were 
made from thin cardboard. The receptive fields were plotted on 
sheets of paper and kept as a permanent record of the location 
and general properties of each isolated unit. 
Stimulating electrodes were constructed from platinum/ 
iridium wire (0.008 inches in diameter; 80% platinum, 20% 
iridium) insulated with glass. The exposed tip normally 
protruded about 1 mm from the end of the insulation. Electrical 
pulses (50-200µs) were generated either by a System of Neurolog 
(0-lOmA) or Tektronix (0-100 volts) pulse and waveform 
8 
. 
generators. The stimulating electrodes were isolated using an 
Ortec Isolator. Bipolar stimulating electrodes were always used 
and current was passed between pairs of electrodes. Photographic 
records of electrical stimulation were obtained using a Grass 
camera and latencies were checked by projecting the film through 
a Leitz lC enlarger and comparing the measured distances with 
calibration pulses previously photographed from the oscilloscope. 
The criteria for recognizing orthodromic and antidromic activation 
were similar to those described by Bishop, Burke and Davis (1962) 
and are described more fully in Chapter 3. 
In the experiments described in this chapter, a pair of 
electrodes were placed in the optic radiation (OR) of 34 cats 
(anterior 6 mm, lateral 8 and 10 mm, deptl1 about 10 mm) and in 
the optic chiasm (OX) of 19 of these animals (.anterior 15 to 
16 mm, lateral 1.5 mm, depth about 23-24 mm). ·. The two pairs of 
electrodes were placed stereotaxically, but field potentials 
recorded in area 17 were used to check that the electrodes were 
at the optimal depth. The stimulating electrodes were not 
included in the sealed chamber of the recording electrode, but 
their craniotomies were covered with a protec~ive layer of agar. 
Electrolytic lesions (5µA/5-7 secs, tip negative) were made 
at various points during the recording penetration. After the 
experiment, the animal was intravenously injected with Nembutal 
(Abbot Laboratories), and perfused through the heart with 10% 
formal saline. Nissl-stained frozen sections (40µ) were then 
prepared to reconstruct the electrode tracks. Shrinkage of the 
cortical tissue was estimated by measuring the distance between 
lesions and comparing this with the distance obtained from the 
Kopf microdrive while recording was in progress. The positions 
of the stimulating electrodes were also checked either by gross 
dissection or histologically by sections prepared in a way 
similar to that used for identifying the locations of the 
recording electrodes. 
In one adult cat, ( 3 H) praline was injected under pressure 
through a micropipette into the dLGN. The inJection delivered 
1 µL of 10 µCi ( 3H) praline. After 24 hours survival, the 
animal was anaesthetised with Nembutal and peifused through 
the heart with lite fix (neutral buffered paraformaldehyde). 
The blocks of brain were allowed to fix for several hours and 
were then placed to sink in 30% sucrose solution in 0.1 m 
phosphate buffer. Frozen sections 40 µm thick were dipped . in 
Nuclear Tract emulsion NTB2 (Kodak), exposed to the radiation 
for 6 weeks and then developed in Dl9 developer (Kodak) and 
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fixed with Kodak rapid fixer. The sections were lightly counter 
stained with cresyl violet. 
Scheme of Cortical Lamination 
The interpretation of the present results· is critically 
dependent on an unambiguous understanding of ~he disposition of 
laminae in the cat striate cortex. The scheme · of lamination 
adopted in the present study is based on that of O'Leary (1941) 
An example of a Nissl-stained section of area 17 is shown in 
Fig. 1. 
Lamina I: In Nissl preparations, lamina I is observed as a cell 
free zone immediately beneath the pial surface. Although 
O'Leary (1941) found occasional cell bodies in lamina I, the 
Fig. 1. Photomicrograph of Nissl-stained section showing the 
disposition of laminae in cat striate cortex. The area of 
cortex shown here was taken from the medial bank of the lateral 
gyrus, above the suprasplenial sulcus . Arrows indicate the 
position of large border pyramids (O'Leary , 1941). 
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zone is composed principally of the terminal arborizations of 
the apical dendrites of underlying pyramidal cells and the 
afferent axon terminals of cells in the thalamus and extra-
striate cortical regions. 
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Lamina II: The junction between lamina II and III is difficult 
to identify in Nissl material. Commonly considered to be 7 or 8 
cell bodies thick, lamina II comprises mainly smaller, less 
intensely staining pyramids than in the underlying lamina III. 
Lamina III: Lamina III, like lamina II, is composed principally 
of small p·yramidal cells although the proportion of pyramids 
with larger cell bodies increases in the deeper reaches of the 
lamina. 
The III/IV border: The border between laminae III and IV is the 
subject of considerable interpretative variation. Classically, 
the upper margin of layer IV was identified as . corresponding 
with the upper boundary of the stria of Gennari but the problem 
of l ocating the stria is not easily resolved in the cat cortex. 
From observations of Nissl preparations of 14 day old kitten 
cortex , Brodmann (1909) concluded that the upper margins of the 
stria of Gennari and laminar !VB were coincident in the cat and 
that the lamina corresponding to IVA of the primate was either 
absent or combined with lamina !VB. Brodmann (1909) considered 
that upper lamina !VB, while predominantly composed of large 
stellate cells, also contained some larger pyramidal cells . Later, 
O' Leary (1941) from Golgi material decided that upper lamina IV 
contained only small pyramids (the star pyramids of Lorente de No, 
recognised from an apical dendrite that put off branches close 
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to the soma but otherwise remained unbranched) and he placed the 
large, or border pyramids at the lower margin ·of lamina III. 
Recently, the extent of lamina IV in the primate has been 
delineated from the presence of spiny stellate cells. More 
specifically, spiny stellates are found in lamina IVA above 
moderately sized pyramids present in lamina IVB . (Lund, 1973) 
In Golgi preparations of the cat striate cortex (Lund, Henry, 
Macqueen and Harvey, in preparation), no spiny stellate neurons 
are found lying level with or above the border pyramids of 
O'Leary. The interpretation of the III/IV border seems to 
involve a decision as to whether it is the equivalent of the 
primate lamina IVA or lamina IVB that is absent from the cat 
cortex. If lamina IVA is absent, then the cat border pyramidal 
neurons could be correlated with the pyramids of lamina IVB 
in monkey. However, both the spiny stellates·· and the pyramids 
in lamina IVB in the primate send axons out of the striate 
cortex to terminate in the cortex of the superior temporal 
sulcus, (Lund, Lund, Hendrickson, Bunt and Fuchs, 1975) a 
region that has no obvious analogue in the cat. It is also 
significant that a stria of white matter in lamina IVB of the 
primate, which arises from the cortex of the superior temporal 
sulcus, is not apparent in the cat cortex. If an equivalent to 
the primate lamina IVB is absent from the cat, then cells with 
extrinsic axons projecting to extra-striate cortical regions 
would logically be placed in lamina III (or lamina II) and 
reinforce O'Leary's decision to include the border pyramids 
in lamina III. In this regard, there is evidence that the axons 
of border pyramids show sites of destination in common with the 
Fig . 2. 
of ( 3 H) 
Radioactive labe ll ing in ar ea 17 r es ulting from injection 
praline into the dorsal la t er al g e ni c ulate nucleus . Each 
photomicrograph consists of both a light and a dark field 
exposure. Left, dark field exposure p r e domina te s; right, light 
field exposure (of the same area ) predominates . Labelling is 
confined to laminae IV and VI . Arro ws i n di cate th e location 
of large pyramidal cells at the border between l a mina e III and 
IV (see text). 

pyramids in the body of laminae II and III. Thus the border 
pyramids along with the pyramids of laminae II . and III are 
labelled when horseradish peroxidase is injected into the 
Clare-Bishop cortex (Lund, Henry and Bullier, unpublished). 
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The considerations presented above suggest therefore, that 
the border between laminae III and IV should be placed at the 
level of the border pyramids of O'Leary (1941) . . Support for this 
proposition comes from an examination of the labelling in the 
striate cortex after a bilateral injection of ( 3 H) proline into 
lamina e A and Al of the dLGN. 
The laminar distribution of ( 3 H) praline in the striate 
cortex is shown in Fig. 2. Clearly, the density of silver grains 
falls off abruptly just above the large pyramids in lamina V and, 
more importantly, does not extend to any significant degree 
beyond the border pyramids at the presumed laminae III/IV 
border. This observation is consistent with the proposition that 
the bord er pyramids are at the lower margin of lamina III 
(O'Leary, 1941) and this is the scheme adopted here. By 
comparison, there is little doubt that Otsuka and Hassler (1962) 
included these pyramids in lamina IV. 
Lamina IV : In O'Leary's scheme lamina IV is sµbdivided into 
layers IVA and IVB on the basis of cell size in both Nissl and 
Golgi preparations; lamina IVB has smaller and less deeply 
staining stellate cells than lamina IVA (cf. Garey, 1971). 
Small pyramids are observed in both IVA and IVB but only the 
star pyramid is found in IVA. 
Lamina V: From the majority of lamination schemes lamina Vis 
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readily identified from the presence of the largest pyramidal 
cells to be found in the striate cortex. However there is some 
uncertainty about the location of the upper border of lamina V. 
O ' Leary (1941) suggested that a discrete sub lamina - VA - exists 
between the lower margin of lamina IVB and the upper edge of 
lamina VB with its large pyramids. As is common to lamina V, 
O ' Leary observed pyramids in lamina VA with recurrent axons, 
but stressed the difficulty of recognising this lamina in Nissl 
preparations since these cells are gathered in irregular clusters 
which invade the boundaries of both IVB and VB. 
Lamina VI: As pointed out by Otsuka and Hassler (1962), the cells 
of lamina VI, in contrast to those of lamina V which are 
irregularly distributed, are arranged in columns in the direction 
of the radiating fibres. The thickness of lamina VI varies 
according to surface. topography becoming very narrow in the 
base of sulci and greatly expanded in gyral convexities. With 
Cresyl violet the cells of lamina VI stain more heavily than 
those of lamina V . 
The conditioning technique 
After OX stimulation, it is widely agreed that X cells in 
the lateral geniculate nucleus are less easily· activated than Y 
cells (Stone and Hoffmann, 1971; Hoffmann, Stone and Dreher, 1972; 
Singer and Dedworth, 1973; Stone and Dreher, 1973). This 
observation appears to be due to the fact that disynaptic 
inhibition mediated by the fast conducting Y system prevents 
the more slowly conducting retinal fibres that innervate X cells 
from eliciting action potentials. Similarly, cells in the visual 
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cortex innervated by slowly conducting or X-type dLGN fibres 
are mor e difficult to excite from the optic radiation than are 
cells which receive a fast input (Stone and Dreher, 1973; 
Singer, Tretter and Cynader, 1975). Again thi .s is related to 
the observation that cells driven by fast fib~es inhibit cells 
which are innervated by more slowly conducting .afferents. 
Excitatory post synaptic potentials are seen, but they do not 
reach a threshold sufficient for initiation of an impulse due 
to the hyperpolarising action of the preceding inhibitory 
post synaptic potentials (Singer et al.~ 1975). 
Consistent with the observation that many X cells are 
afferent to area 17 (see INTRODUCTION), it was often difficult 
to electrically excite striate neurons in the present study. 
Activation was especially difficult from the optic chiasm, 
presumably because there are two stages (the dLGN and the 
cortex) where inhibitory interactions can occur. This convergence 
of inhibitory and excitatory pathways therefo~e poses a number of 
problems when extracellular recording techniques are used. A 
method was discovered however, which significantly increased 
the probability of excitation of striate neurons. It was found 
that stimulation of the OX or OR often elicited a response only 
if a spontaneous or visually evoked spike (cal~ed the conditioning 
spike) preceded the electrical shock. 
The experiment was arranged so that electrical stimulation 
could not occur unless it was triggered by an action potential 
(whether of visual or spontaneous origin) gen erate d in the cell 
being studied. The procedure is therefore identical to that 
used in the collision test (see Chapter 3). By varying the 
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Time course of the conditioning effect in a striate 
Tl1e ordinate indicates the proportion of trials in 
which electrical stimulation elicited an orthodromic response. 
CS-ES difference , the time delay between the· visually evoked 
conditioning sp ik e ( CS) and the electrical shock (ES). No 
orthodromic spikes were elicited when electrical stimulation, 
alone , was used. 
delay between the conditioning spike (CS) and the electrical 
stimulation (ES) it was possible to study the time course 
of the conditioning effect. An example is shown in Fig. 3. 
A total of 40 trials were made for each CS-ES time difference. 
The ordinate represents the proportion of successful trials in 
which the electrical spike elicited a response in the cell. No 
spikes were elicited when electrical stimulation, alone, was 
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used. Clearly, when the electrical pulse followed closely after 
(in this case) a visually evoked conditioning ·spike, the cell 
responded reliably after almost every shock. ~he effect of the 
conditioning spike was still observable when the delay between 
CS and ES was as much as 60 msec. The latencx of the 
orthodromic response af-ter the electric shock was reasonably 
consistent and any variation probably resulted from fluctuations 
in the synaptic transmission delay. 
The orthodromic OR latency of the striate cell shown in 
Fig. 3 was 1.9 ±O.l msec which suggests that the cell was 
innervated by a relatively slow afferent fibre. In all, 42 cells 
which did not respond to electrical stimulation alone could be 
excited using this technique. The time course of the effect was 
measured on 5 striate cells and in all cases the conditioning 
spike still enhanced the cell's response to electrical 
stimulation at CS-ES differences of 50 msec or more. The 
physiological mechanism underlying this phenomenon is not 
completely clear. Interestingly, enhancement of the orthodromic 
response does not occur if an electric shock is employed as the 
conditioning stimulus . It may be that the more specific visual 
or spontaneous spike in some way prevents the Y-mediated 
inhibition (Singer et al.~ 1975) from exerting its influence, 
perhaps by some form of inhibition of the interneuron. 
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RESULTS 
General Comments 
The units recorded in this study were isolated in 64 
electrode penetrations in 39 cats. In all, 882 units were 
- 1 7 
held for long enough to allow a thorough examination of response 
properties. However, some of these units were so unresponsive 
to visual stimuli that their receptive field remained unclassified. 
Also it was not always possible to be sure of . the laminar 
position of a cell in the histological reconstruction of the 
electrode track. Of the 882 isolated units, 347 were rejected 
because their cortical location was too uncertain and of the 
remaining 535 units, 364 (68%) responsed to visual stimuli 
sufficiently well for them to be classified by their receptive 
field properties. The receptive fields of striate neurons were 
classified by their response to hand-held sti~uli. 
RECEPTIVE FIELD CLASSIFICATION. 
Table 1 provides a summary of the criteria used for 
differentiating one cell type from another. The nomenclature 
adopted in this study has been described previously (Henry, 1977) 
and bri efly the S cell has properties similar to the simple cell, 
the C cell is similar to the complex cell with uniform receptive 
field (Hubel and Wiesel, 1962) and the subscript H specifies the 
presence of the hypercomplex property. The B cell (Henry, Lund 
and Harvey, 1978) shares the C cell's response to a flashing 
stimulus (that of composite ON/OFF discharge) but differs from 
the C cell in a number of important aspects that are summarized 
in Table 1. The hypercomplcx property may also be present in 
TABLE 1 
Receptive field classification of striate neurons 
s C B 
RESPONSE TO FLASHING BARS 
( i) CHARACTER Areas of ON or OFF Area of composite ON/OFF Area of composite ON/OF F 
discharge discharge discharge 
* (ii) DIMENSION <10 wide; <10 long >10 wide; >20 long <20 wide; <20 long 
(iii) DURATION Sustained or transient Usually transient Usually sustained 
RESPONSE TO LIGHT AND DARK 
MOVING EDGES 
( i ) CHARACTER Discharged by light and/or Discharged by light and Discharged by light and 
dark edg e s dark edges dark edges 
(ii) LOCATION Discharge areas spatially Di s char g e areas spatially Discharge areas spatiall y 
displaced coincident coincident 
*(iii) DIMENSION <lo wide; <lo long >20 wide; >20 long <20 wide; <20 long 
( i V) RESPONSE PROFILE SMOOTH UNEVEN SMOOTH 
* Min response field 
SP ONTANEOUS ACTIVITY NIL OR LOW MODERATE (GENERALLY FROM NIL OR LOW 5 TO 20 SPIKES/SEC) 
. When . present often edge When present is not edge When present is not edg e lS 
DIRECTION SELECTIVITY dependent ( i . e . to e ith e r dependent ( i. e . to both dependent ( i . e. to both 
light or dark edge only) edges). edges). 
ORIENTATION SPECIFICITY Sharply tuned Less sharply tuned than Sharply tuned 
s or B 
RESPONSE TO RAPIDLY Usually weak Usually moderately Usually weak MOVING STIMULI strong 
RESPONSE TO SHO RT Weak Strong weak Weak (<o.s 0 long) or STIMULI 
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. 
cells with I3 type receptive fields and .1. n lin e with the 
convention such cells are designated B8 
LAMINAR DISTRIBUTION 
An .example of an electrode penetration in the medial bank 
of the lateral gyrus is shown in Fig. 4. The overall laminar 
distributions for each cell type are presented in Fig. 5. For 
each lamina, the cell counts are converted to percentages of 
the total number of cells (whether visually responsive or not) 
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recorded in that lamina. By taking this percentage, the effect 
of uneven sa~pling in different laminae is restricted. 
The relative proportions of different cell types encountered 
in the striate cortex show that the S cell is by far the 
commonest cell type making up approximately 36% of the total 
population, while s8 , C and B cells each contribute approxim
ately 
10% to the total . CH cells and DU cells we re encountered only 
rarely in the striate cortex, but even though _ the numbers are 
small the existence of the H property occurs with a 
significantly higher frequency in the B than in the C family. 
Specific features 
(i) The S cell 
As mentioned earlier, the S cell has similar properties 
to the simple cell of Hubel and Wiesel (1962) and in terms of 
the heirarchical sequence of information processing would be 
considered as the first order neuron in the striate cortex. It 
might be expected, therefore, that cells with S type receptive 
fields would be concentrated in the laQinae which receive 
projections from the dLGN. Fig. 5 shows that'the highest 
proportions of S cells are found in laminae IV and VI - a 
bimodality that becomes even more apparent if cells in the 
regions bordering these two laminae are merged into the count 
(i.e. V/VI into VI and IV/V plus III/IV into IV). The border 
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zones between the major laminae (taken as being about 100µ wide) 
have been separated out in the distribution because 50µ was 
thought to be the order of error incurred in locating the 
precise position of the electrode tip in the histologically 
identified lesion. As a result, cells 50µ on ei·ther side of 
a border could have been placed in the wrong lamina. In 
reality, therefore, the peaks in the S cell distribution may 
be even sharper than they appear in Fig. 5. However, S cells 
are encountered outside laminae IV and VI and Fig. 5 indicates 
that they make up a significant proportion of · the population 
of every layer. 
Since quantitative methods were not employed in assessing 
receptive fields, it is not possible to state with complete 
assurance that the receptive fields of the S cells in laminae 
IV and VI were identical. However, apart from the ocular 
dominance distributions (see below), there were no obvious 
points of difference in the S type receptive fields of cells 
recorded in the two regions. 
(ii) The SH cell 
In the present study, hypercomplex properties were 
attributed to cells in which it was possible, · by ear, to detect 
a decrease in the response as the stimulus was extended beyond 
an optimal length. As shown in Fig. 5, SH cells are found most 
. 
commonly in the superficial layers of the striate cortex. A 
significant proportion of units in the upper layers of the 
striate cortex were unresponsive to visual stimuli. This 
apparent lack of responsiveness could arise either from damage 
caused by the recording electrode or from a failure to meet 
highly selective stimulus requirements for the cell. (cf. 
Chapter 2, Chapter 3). With regard to the latter possibility, 
it is perhaps significant that SH cells were usually the most 
difficult to define visually. Since SH cells · are confined to 
the upper laminae it is possible that their presence in the 
upper part of lamina III and lamina II may account, in part, 
for the high proportion of unclassed units in. these layers. 
If so, the concentration of SH cells in the upper reaches of 
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the striate cortex would be more marked than indicated in Fig. 5. 
Some SH cells are encountered in the thalamic receiving 
layer (lamina IV), but once again, at the qualitative level, 
significant differences in the receptive field properties of 
SH cells in laminae III and IV were not detected. 
(iii) The C cell 
The laminar distribution of C cells also shows a tendency 
towards bimodality with peaks centred on lamina V and the 
III/IV border. The peak at the III/IV border is extremely 
small but there is no doubt that it rises above the general 
background level for C cells. By far the highest proportion 
of C cells is in lamina V while the most marked reduction in 
concentration occurs in laminae II and III. About 25% of the 
C cells resembled the complex cell described by Palmer and 
Rosenquist (1974) in that the cell responded equally well to 
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small spots or long edges. These neurons were most commonly 
encountered in the deeper layers. Many C cells however, 
required summation along the length of the receptive field 
in order to produce an optimal response. Sue~ cells, in contrast 
to the Palmer and Rosenquist type cells, were distributed more 
evenly throughout the striate cortex. 
Evidence is presented in Chapter 3 which shows that a 
number of C units located in laminae IV and VI are efferent to 
the superior colliculus. Since the cells of origin of cortico-
tectal neurons are restricted to lamina V (cf. Chapter 3), it 
would seem that the recording electrode sometimes records 
electrical activity from parts of the neuron distal to the 
cell body. It is possible, therefore, that the proportions of 
C cells in laminae III, IV and VI (Fig. 5) are an overestimate 
and that the number of C cells in layer Vis, · in reality, higher 
than shown here. 
(iv) Th e CH cell 
The CH cell was encountered only rarely ~n the present 
sample. Kato, Bishop and Orban (1978), using ,quantitative 
techniques found a higher proportion of this cell type and 
from their results it would seem that many of .the Palmer and 
Rosenqu·.st type C cells do in fact possess end-zone inhibitory 
areas beyond the excitatory discharge regions. All of these 
cells show very rapid length summation and the optimal stimulus 
0 length can be as little as 0.3 . It is possible, therefore, 
that some of the Palmer and Rosenquist type C cells in the deeper 
layers, described in the present analysis, may have been CH 
cells, end-zone inhibition possibly escaping recognition 
. 2 2 
because non-optimal stimuli were used. Howev e r, there is no 
doubt that C cells with total end-zone inhibition are extremely 
rare in the striate cortex. 
(v) The B ce ll 
The B cell family (Band B8 ) has a clearly defined 
bimodality in its laminar distribution with no cells of this 
type being found in lamina IV. The two peaks, which show a 
similar degree of concentration, are centred in lamina III 
and on the IV/V border probably in lamina VA. Once again, at 
the qualitative level, the B cells found at these two sites 
had substantially similar receptive field properties. One 
difference in the efferent properties of B cells in lamina III 
and lamina IV/Vis that the more superficial B cells project 
to the Clare-Bishop cortex (Chapter 4). 
(vi) The EH cell 
As implied above, the B cell has almost the same laminar 
H 
distribution as the B cell. There may be a slight difference 
in the laminar distributions of the two cell typ es in that B8 
cells occur as a higher proportion of the cells in the upper 
portions of layer III then in lower lamina II'I, the reverse 
being true for the B cell. Thus like the S family of cells, 
the H property occurs more commonly in B cells located in the 
most superficial cortical layers. 
( vii) The non-orient ed (N.0.) cell 
The non-oriented cell showed no marked preference to 
stimuli of any particular orientation. Such cells gave Qixed 
a 
b 
I 
I 
I 
Fig. 6. Orthodromic activation of a striate neuron with a 
concentrically organized receptive field, produced by electrical 
stimulation of the optic radiation. u., 1 Hz; ·b, 10 Hz. Note 
the latency variation and failur e to follow repetitive 
stimulation. Marker indicates 1 msec and 1 mV. 
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ON/OFF discharges when tested with stationary flashing lights 
(cf. Joshua and Bishop, 1970). Although the numbers of such 
units are small, there is a tendency for these cells to occur 
more commonly in lamina IV than elsewhere. 
(viii) The concentric cell 
More precisely, this is a cell with a concentrically 
organized receptive field. There was little doubt that the 
electrode was monitoring the activity of a cortical cell and 
not simply an affererit fibre. Whereas geniculate axons fired 
repetitively at a fixed latency up to very high stimulus 
frequencies (1,000 Hz in short bursts) afte~ _stimulation of 
the optic radiation, concentric cells showed the latency 
variation and inability to follow high frequencies characteristic 
of transsynaptic excitation. These units typically started to 
miss responses at stimulating frequencies as low as lOHz. An 
example is shown in Fig. 6. 
As with the non-oriented cell, the number of recorded cells 
with concentrically organized r e c ep tiv e fi e ld ~ i s too s mall to 
allow worthwhile conclusions to be drawn about their laminar 
distribution, although cells of this kind may also be 
concentrated in lamina IV. Reliably identifi e d concentric cells 
have not previously been reported in the cat striate cortex. 
In the absence of information about the unit's response to 
optic radiation stimulation it is likely that many of these 
cells would be regarded as afferent fibres from the dLGN. 
Fig . 7. 
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Ocular dominance distributions for the four most common 
. 
types of striate neuron and the overall distribution for all 
cells i n area 1 7. Ocular d o minance expressed .o n a scale ranging 
f r om 1 ( d r i v e n s o 1 e 1 y by th e c o n tr a 1 a t e r a 1 e y e,) to 7 ( d r i v e n 
purely by the ipsi l atera l eye ) ( Hubel and Wiesel, 1962) . 
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(ix) Oth e r cell types (misc.) 
There were a small number of cells which while responsive 
enough, did not fit satisfactorily into any of the above 
classifications. Four of these were classed as A cells, a 
group which appears to be equivalent to the complex cell with 
non-uniform receptive field described by Hubel and Wiesel (1962). 
Five others,placed ~n the miscellaneous group·, had mixed 
properties from two or more classes. Thus one of these cells, 
for example, showed a mixed response to flashing stimuli in 
which there was a composite ON/OFF discharge from half the 
discharge region and a pure ON response from the other half; 
as if the cell was a mixture of Sand B types. 
BINOCULARITY 
The degree of binocularity of the various types of striate 
neuron was expressed on a dominance scale ranging from 1 to 7, 
cells in these two groups being driven purely. by the contra-
lateral and ipsilateral eyes respectively (Hubel and Wiesel, 
196 2 ) . Since the ocular dominance histograms . in Fig. 7 reco r d 
the numbers of a particular cell and are not r e lated to the 
laminar distribution, the population has been increased by 
including 173 units of uncertain laminar dispcsition. 
The ocular dominance histogram for the total population 
(Fig. 7) rev ea l s that a similar number of cells are driven 
from the ipsilateral eye, the contralateral eye , o r with e qual 
effectiveness from either eye. There is a sl i ght bias towards 
the contralateral eye; cells in ocular dominance groups 1, 2 
and 3 make up 43% of the population compared with 37 % for cells 
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in groups 5, 6 and 7. Significant differences are apparent in 
the distributions of individual receptive field classes. In 
the S cell population, 56% have monocular receptive fields and 
there 1s a marked depression in the number of units driven with 
equal effectiveness from either eye (i.e. cells in ocular 
dominance group 4). A more detailed analysis of the ocular 
dominance distributions of S cells is undertaken below. In 
contrast, only 15% and 25% of C and B cells respectively are 
monocularly activated and a high proportion in both groups are 
activated equally or almost equally from the two eyes. 
Effect of eccentricity 
Albus (1 975 ) has reported that there . lS a higher proportion 
of binocularly activated units in the area of cortex representing 
the peripheral visual field than that representing the centre 
(i.e. within 4° of the area centralis). On this point, the 
present results are somewhat equivocal and giye only weak support 
to Albus's findings. With regard to all cell . types, 44% of cells 
with central receptive fields were monocular (ocular dominance 
groups 1 and 7) while of the peripheral units 39% were monocular. 
When considered in terms of receptive field types, 51% of central 
S cells were monocular compared to 55% in the . periphery. For C 
cells, 28% of the central population were monocular in comparison 
to 10.5% in the periphery and for B cells, monocular units made 
up approximately 17% of both the central and peripheral 
populations. The observation that C cells generally become 
more binocular in the periphery, while the degree of monocularity 
of S cells remains fairly constant is in direct contrast to the 
results of Albus (1975). A reason for this difference may lie 
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Fig. 8. Ocular dominance distribution of central and peripheral 
S cells in different cortical laminae of area 17. Central, 
r ecep tive field centres within 4° of the area centralis; 
peripheral, receptive field c entres greater tran 4° from the 
-a r e a c e n tr a 1 i s . 
in the fact that the ocular dominance distribution of S cells 
varies from layer to layer (see below). 
S cells in different · laminae 
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Figure 8 shows the ocular dominance distributions of 
central and peripheral S cells in different cortical laminae. 
Only those cells of known laminar position are included in this 
analysis. The population in lamina III docs ·not appear to 
differ significantly from the form of the total population. In 
laminae IV and VI, however, there is a clear deviation from 
this pattern. In both the central and peripheral populations 
of lamina IV, there is a marked depression in the number of 
S cells driven from the ipsilateral eye. In contrast, there 
appears to be a bias towards the ipsilateral eye in lamina VI. 
Furthermore, unlike the lamina IV distributiori, no S cells 
in lamina VI are found in ocular dominance group 4. 
In the interpretation of these statistics it should be 
stressed that only the excitatory component in the response of 
the cell has been considered. The activation of inhibitory 
regions in the receptive field has a very important modulating 
influence upon the binocular response, particularly in the 
encoding of disparity information (e.g. Nelson, Kato and Bishop, 
1977). Many of the so called monocular units could receive a 
strong inhibitory input from the non-dominant eye but such 
regions are not readily recognised using qualitative methods 
of investigation. 
AFFERENT INPUT TO AREA 17 
General comments 
In 19 cats, stimulating electrodes were positioned in both 
the optic chiasm (OX) and the optic radiation (OR), whereas in 
15 cats they were placed only in the optic radiation. (see 
METHODS). The following analysis is based on the measurement 
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of the minimum or shortest latency observed for the first spike 
induced by orthodromic activation. Generally, an orthodromically 
activated spike had a latency that varied over a range of 
approximately 0.3 to 0.5 msec and the minimum latency (hereafter 
referred to simply as the latency) provided a consistent measure 
largely independent of variations in transmission delay~ 
Ce lls excited from OR 
Only cells for which the laminar position was unambiguously 
determined are included in this analysis. In total, 431 units 
were tested with OR stimulation of which 173 -(40%) could be 
orthodromically excited. The population of electrically 
excitable cells includes those driven by electrical stimulation 
alone as well as those which fired only when the conditioning 
technique was used (see METHODS). Table 2 shows the number and 
proportion of each striate cell type that wer~ orthodrornically 
activated by optic radiation stimulation. All of the non-
oriented and concentric units were activated. Interestingly, 
cells in the Band C families (i.e. Band BH, C and CH) were 
more commonly excited than Sor SH cells. 
Latenci e s to OR stimulation 
The orthodromic OR latencies of the 173 striate neurons are 
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presented in Pig. 9. These data arc plotted as the rectangular 
columns and for comparison, the OR latencies for parastriate 
neurons are also shown as the filled circles and continuous 
line (cf. Chapter 2) . The bimodality of the area 18 OR latencies 
represents monosynaptic and disynaptic activation by fast 
conducting fibres (Chapter 2). Clearly, the main peaks in the 
area 17 and area 18 OR latencies do not coincide, although there 
is some degree of overlap. This shift in the area 17 peaks 
towards longer OR latencies indicates that striate neurons are 
commonly innervated by more slowly conducting axons (cf. 
Stone and Dreher, 1973; Singer et al.~ 1975). 
The shortest OR latency for an afferent fibre recorded in 
the grey matter of area 18 was 0.3 msec (Chapter 2). If the 
transmission delay is 0.8 msec (cf. Chapter 2), the earliest 
possible disynaptic· response (assuming a small additional delay 
for conduction of the impulse between the two cortical cells) 
will be 2.0 msec. Hence all striate neurons with OR latencies 
less than 2.0 msec can be considered as being monosynaptically 
excited by afferent fibres. It is likely that a number of 
striate cells with latencies longer than 2.0 mscc arc also 
directly excited, but on the basis of OR latencies alone it 
is not possible to differentiate between slow direct and fast 
indirect innervation (cf. Stone and Dreher, 1973). 
Figure 10 shows the laminar distribution of striate cells 
with OR latencies less than or greater than 2.0 msec. The 
proportion of each latency group is shown as a percentage of 
the total number of cells (wh ether driven or not driven) 
encountered in a given lamina. Monosynaptically driven cells 
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are most common in laminae IV and VI, the layers shown 
anatomically to receive geniculocortical afferents. In contrast, 
cells with OR latencies greater than 2.0 msec are most frequent 
in the superficial layers and in lamina V. 
Rec ep tive field type and OR lat enc y 
The orthodromic OR latencies of the various striate receptive 
field classes are presented in Fig. 11. The proportions of 
orthodromically activated S, SH and C cells with latencies less 
than 2.0 msec are surprisingly similar; monosynaptically driven 
cells make up 64% of the S, 61% of the SH and 67% of the C 
populations. In contrast, only 26% of striat~ B cells -and no 
CH or B8 neurons have latencies less than 2.0 msec. The majority 
of S cells in laminae IV and VI which could be activated from the 
optic radiation are monosynaptically excited (75% and 72% 
respectively). This is also true for the smaller C cell 
population and to a large extent for the non-Griented and 
unclassified cell groups. In contrast, 86% of B, B and C cells H H 
with OR latencies greater than 2.0 msec are located in laminae 
II and III. It is interesting to note that SH cells resemble S 
cells and B8 cells resemble B cells in their afferent 
connectivity, wereas CH cells appear to differ from the rest of 
the C population. There were no apparent differences in the 
receptive field properties of Sor of C cells with OR latencies 
less than or greater than 2.0 msec. 
Of the cells with orthodromic latencies less than 2.0 msec, 
C cells generally have latencies less than 1.5 msec whereas the 
majority of Sand s 8 cells have latencies that lie between 1.5 
and 2.0 msec(Fig.11). This suggests that monosynaptically excited 
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within area 17. f 1 , brisk transient fibres; f 2 , brisk sustained 
fibres. The two lines indicate the mean OX-OR latency difference 
of f 1 and f 2 groups respectivelY· 
see text. 
For further explanation -
C cells tend to be driven by fast axons, whil~ Sand SH cells 
are directly innervated by more slowly conducting afferent 
fibres. In general however, OR stimulation alone is not 
sufficient for determining the type of fibre afferent to a 
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cortical neuron. This is especially true for longer orthodromic 
latencie s where slow monosynaptic and fast polysynaptic 
innervation cannot be distinguished. Much more information 
is obtained if the conduction velocity of the afferent fibre 
is determined. This can be achieved by studying the effect of 
electrical stimulation at two sites along the primary visual 
pathway. Data of this kind are presented in the next section. 
Striate neurons excited from OR and OX 
In 19 cats, stimulating electroues were placed 111 both the 
optic chiasm and the optic radiation. In these animals, 137 
cells were activated from the radiation of which 57 (42%) were 
also driven from the chiasm. Unlike much of the previous 
analysis, these iopulations include cells of uncertain laminar 
disposition. 
Figure 12 presents the OX and OR latencies of the striate 
cells excited from both sites. Also shown are the OX and OR 
latencies of 19 geniculocortical fibres recorped within the grey 
matter of area 17. The OX-OR difference provides a measure of 
the time taken for the conduction of an impulse from the chiasm, 
through the dLGN to the optic radiation. With one exception, 
it was found that afferent fibres with an OX-OR difference of 
1.6 msec or less had receptive field properties typical of a 
brisk transient (Y) type, while all fibres with an OX-OR 
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difference greater than 1.6 msec had receptive fields of the 
brisk sustained (X) type. This latency distinction is very 
similar to that described for Y and X cells by Hoffmann, Stone 
and Sherman (1972). For convenience, the brisk transient and 
brisk sustained populations will be termed grnup 1 and group 2 
respectively and the two groups are shown by the crosses and 
asterisks in Fig. 12. 
The mean OX-OR latency differences of gr~up 1 (crosses) 
and group 2 (asterisks) fibres are 1. 20 and 1. 95 msec 
respectively. The solid lines in Fig. 12 pass through all 
points at which the OX latency is equal to th~ OR latency plus 
1.20 msec (for group 1) and 1.95 msec (for group 2). The 
intercept of these lines with the abscissa indicates the mean 
OX-OR difference for the two groups. Clearly., if striate 
cortical neurons are innervated by fibres from one or other of 
the afferent groups, the OX-OR latency differences of these 
cortical cells will have mean values of eithe~ 1.20 or 1.95 msec. 
As a result, the plotted points of the striate neurons (whatever 
their absolute OX and OR latencies) should lie close to one or 
other of the two lines shown in Fig. 12. An examination of 
Fig. 12 reveals that, in general, striate cells do indeed lie 
close to one or other of these two lines but the degree of 
scatter makes it difficult to assess with any certainty the 
type of fibre afferent to these neurons. 
The situation is clarified when the OX and OR latencies of 
group 1 and group 2 fibres are considered. The mean OX and OR 
latencies of group 1 fibres is 1.83 and 0.63 msec and for group 2 
fibres is 2 .9 and 0.95 msec respectively. Assuming the 
transmission delay across a synapse is 0.8 msec (Chapter 2), 
then populations of striate neurons monosynatpically excited 
by either group 1 or group 2 fibres would have mean OX and 
mean OR latencies of 2.63 and 1.43, and 3.7 and 1.75 msec 
respectively. The two continuous circles in Fig. 12 have been 
centred on these points. To allow for population scatter, the 
reference circles have been drawn with a radius equivalent to 
0.5 msec - selected because such a circle encompasses most of 
the scattered points (crosses) for group 1 axons. A greater 
scatter is pre·sent in the points (asterisks) representing 
the group 2 fibres and accordingly the points representing 
cortical cells monosynaptically activated by .this group have 
a greater chance of falling outside the corresponding circle. 
Nonetheless, the two circles give a good indication of where 
the plotted points would fall for cells driven directly by the 
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two groups of axons. The two dotted reference circles in Fig ~ 12 
are centred at OX and OR latencies of 3.43 and 2.23, and 4.5 
. 
and 2.55 msec respectively. These circles have been drawn to 
provide an indication of where disynaptically activated cells 
would occur. 
As mentioned earlier, only about 40% of the striate cells 
activated from OR were also excited from the OX stimulating 
electrodes. Despite the smaller sample, the OX-OR comparison 
shown in Fig. 12 allows the number of synaptic delays to be 
assessed with greater certainty and increases the confidence 
with which cells are assigned an ordinal position in the cortex. 
Furthermore, it is possible to comment on the type of fibre 
afferent to striate neurons. Cells with the S type of receptive 
field make up half of the classified cells (14/28)f o und in th e 
two monosynaptic reference circles in Fig. 12. Similar 
proportions of S cells are found in each of the two reference 
circles suggesting that individual S cells may be driven 
monosynaptically by either group 1 or group 2 geniculocortical 
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axons (cf. Singer et al . ., 1975). Four S cells are found outside 
the limits of the rnonosynaptic reference circles. The OX-OR 
latencies of two of these cells are suggestive of innervation by 
axons conducting even slower than the group 2 fibres. The other 
two S cells may be disynaptically driven by group 1 axons. With 
regard to the laminar distribution, the location of 9 of the 14 
S cells falling in the monosynaptic reference circles was 
u~ambiguously determined. Of these 9, 5 wer~ found in lamina IV 
or at the III/IV border and 2 were located in lamina VI. 
The location of data points representing. most SH cells is 
also consistent with a monosynaptic drive frdm either group 1 
or group 2 axons. Some C cells also appear to be monosynaptically 
activated and it should be stressed that the 4 examples of this 
type all fall in the monosynaptic reference circle associated 
with group 1 fibres. A few C cells have OX and OR latencies 
indicative of disynaptic activation by either group 1 or group 2 
fibres. Of the other cell types, the B type are not found 
within either monosynaptic reference circle bµt are often 
activated indirectly by thalamic afferents. All non-oriented 
cells occur in the reference circle of the group 2 geniculo-
cortical axons. 
DISCUSSION 
The laminar distribution of striate receptive 
field classes: a comparison with previous studies 
- 3 4 
A number of previous studies have examined the laminar 
distribution of receptive field classes in the striate cortex 
(Hubel and Wiesel, 1962; Kelly and Van Essen, 1974; Gilbert, 
1977; Sillito, 1977a; Kato, Bishop and Orban, 1978). The present 
data indicate that S cells are the most commonly occurring cell 
type in area 17 and are concentrated in lamina IV and lamina VI. 
These results are therefore in agreement with those of Hubel 
and Wiesel (1962) and Kato et al. (1978). The high proportion 
of S cells in lamina IV has also been observ~d by Kelly and 
Van Essen (1974), Gilbert (1977) and Sillito (1977a). However 
both Kelly and Van Essen (1974) and Gilbert (1977) have reported 
that complex (or C) cells predominate in lamina VI. In this 
context, a comparison with Sillito's work cannot be made since 
he did not record from layer VI. 
In laminar VI, Gilbert (1977) found three times as many 
standard complex as simple cells. By contrast, S cells made 
up the bulk of the classified cells (81%) in lamina VI in the 
present sample and Band C cells only contributed 14% to the 
total of classified cells. Gilbert's criteria for identifying 
simple cells are not identical to those used in the present 
study with the result that many S cells would almost certainly 
be classed as standard complex cells by Gilbert (1977). The 
major difference in the two classifying schemes appears to be 
that those cells which have either a weak response to flashing 
stimuli or a single ON or OFF discharge region in their receptive 
field have been placed in the standard complex category by 
Gilbert (1977), while I have classed them as S cells. The 
warrant for taking this step is that in all other properties 
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these cells resemble S cells. Moreover, areas of weak flashing 
light discharge will often produce a consistent response with 
intensive testing. Finally, in principle, it is better to avoid 
classifying a cell on the basis that its response to a stimulus 
(in this case flashing bars) is weak or absent. 
It would seem therefore, that the distinction between the 
lamina VI populations of this and Gilbert's study is at least 
partly related to a divergence in the criteria used for the 
classification of striate receptive fields. Such a proposal 
has also been put forward by Kato et al. (1978). However, as 
described in Chapter 3 (cf. Harvey, 1978), there still appears 
to be an inconsistency with regard to the conduction velocity 
of the axons of lamina VI cell s projecting to the dLGN. Slow 
conducting corticogeniculatc S cells were not reported by 
Gilbert (1977) although they constitute the majority in the 
experiments reported in Chapter 3. As argued in Chapter 3 
this discrepancy suggests that, as well as differences in 
receptive field classification, there may also be differ ences 
in the cell populations sampled by the different electrodes 
used in the two studies. 
The laminar distribution of Kelly and Van Essen (1974) 
contains only c e lls stained intracellularly and cells whose 
positions were marked by cell _fragments or by extracellular dye. 
Since such an analysis is almost certainly biased towards the 
larger neurons and since S cells in lamina VI are likely to have 
small s omata(Chapter 3, Harvey, 1978), the discrepancy between 
their results and those described in the present study may 
again result from a difference in sampling bias. 
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From intracellular staining with procion yellow, it appears 
that the majority of simple or S cells in lamina IV are spiny 
stellate neurons (Kelly and Van Essen, 1974). Golgi studies 
spiny 
indicate that/stellate neurons do not occur outside lamina IV 
(Lund, Henry, Macqueen and Harvey, in preparation) and the 
S cells of lamina VI, many of which send axons to the dLGN, are 
almost certainly pyramidal neurons. In consequence, the spiny 
stellate neuron of lamina IV and the pyramidal neuron of 
lamina VI appear to generate similar, if not identical, 
response patterns. The receptive fields of S c e lls in laminae 
IV and VI were not studied quantitatively, but at the qualitative 
level the response properties of S cells in the two layers 
closely resemble one another. There is, however, a difference 
in the ocular dominance distributions of lamina IV and lamina VI 
S cells (Fig. 8). The reason for this distinction is not clear 
but it may be related in some way to the fact that lamina VIS 
cells project back to the dLGN (Chapter 3). Gilbert (1977) 
found the length of receptive fields (separation of lateral 
borders) to be much greater in layer VI than in layer IV simple 
cells. In the present study, the receptive fields were plotted 
as minimum response fields and a difference of this kind was 
not observed. Presumably such differences in the length of 
the receptive fields may not be observed unless the lengths 
are determined from length-response curv e s (cf. Kato et al .~ 
1978). 
There is a growing belief that the class of complex cells 
originally described by Hubel and Wiesel (1962) as having a 
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uniform receptive field can be divided into subclasses. Within 
thir· group of cells (which give a composite ON/OPP discharge 
to flashing stimuli), two types have been identified in the 
present study. B cells generally have small receptive fields, 
no or only low spontaneous activity, are sharply tuned for 
stimulus orientation and commonly prefer slower stimulus 
velocities. In contrast, C cells have larger receptive fields, 
have a comparatively high spontaneous discharge, are broadly 
tuned for orientation and often respond to fast as well as 
slow stimulus speeds. These two types of cell have a very 
specific laminar distribution - the C cell being concentrated 
in lamina V and the B cell in laminae II and III and at the 
IV/V border (Fig. 5). 
Within the C cell population there may also be two subtypes 
in that some cells show very rapid summation along the length of 
the receptive field while others produce a maximal response only 
when long edges arc used. The first type resemble the cells 
described by Palmer and Rosenquist (1974) and are commonly 
encountered in the deeper layers. As describ e d in Chapter 3, 
these cells exhibit a high degree of direction selectivity. 
The second type of C cell is distributed more evenly through 
the cortex and often shows only weak directional specificity. 
Support for the Band C cell subdivision comes from the 
observation that the subclasses projecting to a given efferent 
site conform closely to type. Thus C cells in lamina V 
(including both of the types described above) project to the 
superior colliculus and certain thalamic nuclei (Chapter 3) 
whereas B cells in lamina III are efferent to the Clare-Bishop 
cortex (Chapter 4). The B cell seems identical with the 
complex cells in laminae II and III described by Camarda and 
Rissolatti (1976a). B cells are commonly encountered in the 
superficial layers but also occur at the border between 
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laminae IV and V. It is not known whether a similar distribution 
holds for the complex cells described by Camarda and Rizzolatti 
(1976a) since their report was restricted to an analysis of 
laminae II and III. 
Basing his classification on the influence of 
iontophoretically applied bicuculline, Sillito (1977a) has 
proposed that there are three subclasses of complex cell with 
a uniform receptive field (i.e. not divisible into separate areas 
of ON or OFF discharge). The type I cell has a low spontaneous 
activity, a small receptive field and is s harply tuned for 
stimulus orientation. Directional specificity in these cells 
is eliminated during the iontophoretic application of bicuculline 
and cells of this type are commonly located in lamina III. The 
type I complex cell of Sillito therefore closely resembles the 
B cell described in the present study. Again however, a 
concentration of type I cells at the IV/V border is not described 
by Sillito (1977a). The type II and type III complex cells would 
probably be included in the C category. Both types have a 
relatively high spontaneous activity and have large receptive 
fields. Type II cells commonly show little direction selectivity 
and any specificity is unaffected py the application of 
bicuculline. According to Sillito (1977a), type III complex 
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cells resemble the complex cells described by Palmer and 
Rosenquist (1974). They are commonly direction selective 
and direction specificity is not eliminated by bicuculline. 
However the cells exhibit a powerful suppression of the 
resting discharge when the stimulus is moved in the non-
preferred direction. An exact analogy with the Palmer and 
Rosenquist type complex cell breaks down since not all of 
Sillito's type III cells exhibit rapid spatial summation 
along the length of the receptive field. 
With regard to the laminar distribution, type II complex 
cells are found in both laminae III and V whereas type III cells 
are concentrated almost entirely in lamina V (Sillito, 1977a). 
Type II cells are similar to the C cells which respond optimally 
to elongated stimuli and which show little direction 
selectivity. It is significant therefore that these C cells 
are distributed throughout the cortex and commonly occur in 
lamina III and lamina V. The type III cells of Sillito (1977a) 
on the other hand, resemble the C cells which show little or 
no length summation. Both of these types are prevalent in 
the deeper layers, especially in lamina V. 
Gilbert (1977) has also subdivided the complex group into 
two types. His standard complex cell prefers longer stimuli, 
has low spontaneous activity, prefers slower velocities and is 
sharply tuned for stimulus orientation. The special complex 
cell is in every respect similar to the cell described by 
Palmer and Rosenquist (1974). In agre e ment with the present 
results and those of Sillito (1977a) special complex cells are 
most frequent in layer V although others are found in lamina III. 
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The standard complex cell is distributed throughout laminae II, 
III, V and VI. At first sight, the receptive field properties 
of Gilbert's standard complex cell resemble those of the B cells 
described in this study and the type I complex cell of Sillito 
(1977a). However, as pointed out earlier, some of the standard 
complex cells have in fact been classified as Sin the present 
study. This may explain the presence of many of these cells in 
lamina VI of Gilbert's -study~ In addition, his standard complex 
group must also include the C cells which prefer longer edges 
and the type II complex cells of Sillito (1977a). 
In agreement with previous reports (Kelly and Van Essen, 
1974; Camarda and Rizzolatti, 1976a; Sillito, 1977a,b; Kato et al.~ 
1978) hypercomplex cells are found most commonly in the superficial 
layers of the striate cortex (Fig. 5). However there is also a 
tendency for CH and BH cells to occur at the top of lamina V. 
Kato et al . (1978) have also shown that hyp ercomplex II (CH) cells 
are concentrated in this layer. The complex cells of Kato et al. 
(1978) all respond optimally to stimuli longer than 2°, while 
hypercomplex II cells show very rapid spatial summation and then 
marked inhibition as the stimulus continues to be lengthened. 
Both of these cells would have been placed in the C family as 
defined in the present study. It would appear that the hyper-
complex II group resembles the Palmer and Rosenquist type C cell 
(type III of Sillito (1977a), special complex of Gilbert (1977)) 
and it is therefore significant that these cells are commonly 
found in lamina V. 
In general, there is reasonable agreement between the 
present laminar distribution of striate cell classes and those 
of e a r 1 i er s tu d.i e s . The differences described above are likely 
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to be related both to differences in the criteria employed 
for receptive field classification and perhaps to the sampling 
of different populations of cortical neurons. The overall 
picture tl1at emerges is that Sor simple cells are concentrated 
in the layers which receive thalamic afferents while the various 
subclasses of C or complex cell are more commonly encountered 
in non-receiving laminae. There are clearly some differences 
in the way the complex group is subdivided and although a 
general pattern is emerging, more information is required before 
the exact nature of the subdivisions can be resolved. 
The afferent input to area 17 
In the present study, only 40% of striate neurons could be 
activated by OR stimulation. 
driven from the optic chiasm. 
Of these about 40% were also 
By contrast, 71% of all para-
striate neurons were excited from the optic radiation of which 
75% were also activated from the OX stimulating electrodes 
(Ch apter 2) . Clearly then, cells in the striate cortex are 
much harrier to drive than cells in area 18. This distinction 
has also been reported by Stone and Dreher (1973) and Singer 
et aZ. (1975) 
As shown in Fig. 9 ' the minimum OR latencies of cells . in 
area 17 are in general longer than those of parastriate neurons. 
Consistent with this, no cells in area 18 (cf. Fig. 10, 
Chapter 2) are represented by the plotted points that fall 
within the monosynaptic reference circle representing the 
group 2 fibre input to striate cells. However, the mean OX-OR 
latency difference (1.05 msec) and the mean OR conduction 
time (0.5 msec) of fibres projecting to area 18 (Chapter 2) 
are similar to the OX-OR and OR latencies of group 1 axons 
afferent to area 17 (1.2 and 0.63 msec respectively). These 
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results are therefore in agreement with previous reports which 
indicate that Y cells innervate both area 17 and area 18 while 
X cells project only to area 17 (Garey and Powell, 1971; 
Stone and Dreher, 1973; Singer et al.~ 1975; Hollander and 
Vanegas, 1977; LeVay and Ferster, 1977). Striate cells with OR 
latencies less than 2.0 msec (regarded as being monosynaptically 
activated) are concentrated in lamina IV and lamina VI. This 
finding is consistent with anatomical studies that show the 
dLGN axons terminating predominantly in thes~ two laminae 
( cf . Fig. 2). 
Cells in the S family (Sand SH) are less commonly excited 
than cells in either the C or B families. This result is at 
first sight, somewhat surprising given that simple cells have 
long been regarded as the first order neuron in the striate 
cortex (Hubel and Wiesel, 1962). However, although only 37% 
of S cells were activated from the optic radiation, they still 
constitute the largest absolute number of directly driven cells 
in the striate cortex (Fig. 11). Indeed 64% of all S cells 
excited from the optic radiation have lat e ncies consistent 
with monosynaptic activation by thalamic afferents. 
About 60% of S cells with OR latencies less than 2.0 msec 
have latencies that lie between 1.5 and 2.0 msec (Fig. 11). 
Very few rnonosynaptically excited parastriate neurons have OR 
latencies in this range (Fig. 9) and it would seem therefore 
that S cells generally receive relatively more slowly conducting 
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geniculocortical fibres. In addition, the receptive field 
properties of S cells suggests that they receive a substantial 
inhibitory input. The proportion of monosynaptically driven 
s cells is therefore likely to be significantly higher than 
the present results suggest. The OX and OR latencies of S cells 
do indicate that a number of S cells are directly innervated 
by fast conducting (brisk transient or Y type) fibres. However, 
the fast afferent system, unlike the slow stream, is readily 
activated by electrical stimulation (cf. METHODS). In reality 
therefore, it is highly probable that the proportion of S cells 
driven by fast fibres is relatively small. A few S cells have 
OX/OR latencies indicative of indirect activa~ion by thalamic 
afferents and the two cells shown in Fig. 12 appear to be 
driven by fast conducting fibres. It is not clear whether S 
cells are also indirectly excited by fibres of the slow 
geniculocortical stream. 
In terms of the heirarchical concept (Hubel and Wiesel, 
1962, 1965) simple or S cells might be expected to be the only 
cells monosynaptically activated by stimulation of geniculo-
cortical axons. From the analysis of OR and OX latencies this 
does not appear to be the case and perhaps the most potent 
example of this inconsistency is that SH cells, which because 
of their hypercomplex property would be placed at the final 
stage in a heirarchical sequence, are found to have response 
latencies compatible with monosynaptic activation. Like the 
S cell, some SH cells appear to be activated by fast and others 
by slowly conducting thalamic afferents. The response 
latencies of some SH cells are indicative of polysynaptic 
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activation (cf. Fig.11) but it is possible that cells of this 
type are difficult to drive with electrical stimulation because 
they are much more selective in respect to their visual 
stimulus requirements. Thus polysynaptically driven SH cells 
are almost certainly more common than indicated by the present 
results. As might be expected from the laminar distribution 
these less responsive SH cells usually occur in laminae II and 
III. 
About half of all the Band C cells recorded in area 17 
are excited from the optic -radiation. This proportion is 
higher than for Sand £H cells and may indicate that Band C 
cells often receive fast conducting afferents. Alternatively 
it is possible that cells of this kind are less influenced 
by inhibitory pathways. As a result, electrical stimulation 
of the slow conducting system would probably be more 
successful in C and B cells. 
Of the C cells driven from OR, 67% have latencies less than 
2 msec. As shown in Fig. 11 the majority of these presumed 
monosynaptic latencies are less than 1.5 msec. This is in 
direct contrast to the OR latencies of cells in the S family 
and indicates that many C cells are innervated by fast 
conducting fibres. Consistent with this, four C cells excited 
from both OX and OR have latencies within the monosynaptic 
reference circle for group 1 fibres (Fig. 12). No C cells 
have latencies indicative of direct activation by group 2 or 
X-type geniculocortical fibres. Some C cells are indirectly 
driven from the optic radiation and this input appears to be 
mediated by either the fast or the slow stream . The high 
proportion of electrically excitable C cells thus appears to 
be related to the fact that these cells commonly receive a 
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fast conducting input. However, as for cells in the S family, 
the absence of excitation in a number of cells of the C type 
may indicate that they are innervated (whether directly or 
indirectly) by more slowly conducting afferent axons. 
Although B cells are commonly activated from the optic 
radiation , only 26% of the cells driven from OR have latencies 
less than 2.0 msec. This suggests that few B cells receive a 
direct input from either the slow or the fast streams. Of the 
c~lls stimulated from both OX and OR, none are found in the 
group 1 or group 2 monosynaptic reference circles and the 
majority have latencies indicative of indirect activation by 
geniculocortical fibres. The OX-OR latency differences are 
1.5 msec or more which may indicate that slow conducting fibres 
are mediating the input to these striate neurons (cf. Fig. 12). 
With regard to other striate receptive field types, no BH 
or CH cells have OR latencies less than 2.0 msec. The one CH 
cell stimulated from both OX and OR has latencies suggestive 
of indirect activation by group 1 afferents. In contrast almost 
all of the non-oriented and concentrically organised cells have 
OR latencies consistent with d1rect excitation by geniculo-
cortical fibres. As shown in Fig. 12 all non-oriented units 
driven from OX and OR are found in the monosynaptic reference 
circle representing group 2 (or brisk sustained) afferents. 
In summary, the results indicate that the S cell is 
commonly the first order neuron in the striate cortex. This 
46 
is consistent with the observation that this cell class is 
concentrated in the thalamic receiving layers, laminae IV 
and VI. S cells can receive either fast or slow afferent 
fibres although it appears that the latter input pre·dominates. 
Some SH cells are also excited monosynaptically by either fast 
or slowly conducting geniculocortical fibres. A number of C 
cells are directly innervated by thalamic afferents but . in 
contrast to S cells this input seems restricted to the fast 
system. There is little evidence to support direct activation 
of C cells by more slowly conducting axons. The latencies of 
B cells are in general indicative of indirect activation by 
either fast or more commonly slow fibres. Finally, non-oriented 
and concentric units arc ·nvariably monosynnp ti cally excited 
by incoming geniculocortical axons. 
Stone and Dreher (1973) have suggested that simple and 
complex cells in area 17 are driven by X and Y geniculate cells 
respectively. In contrast, Singer et al . (1975) have reported 
that individual simple and complex cells can receive either 
X or Y afferents. The present results provide some support 
for both conclusions. In agreement with Singer et al. ( 197 5) 
it is clear that S cells can receive either fast or slowly 
conducting gcniculate fibres. However, it would seem that 
by far the majority of S cells are innervated by more slowly 
conducting axons (cf. Stone and Dreher, 197 3). C and B cells 
would presumably be included in the complex category of both 
Stone and Dreher (1973) and Singer et al . (1975). A significant 
number of C cells arc innervated (either directly or indirectly) 
by fast conducting thalamic afferents. This result is in 
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agreement with both Stone and Dreher (1973) and Singer et al. 
(197 5). The observation that a number of C cells receive a 
direct input is surprising given that this cell type is 
encountered rarely in laminae IV and VI. However, the number 
of monosynaptically driven C cells is likely to be small when 
compared to S cells. It may be that C cells (and perhaps cells 
in other receptive classes) in laminae III and V have access 
to incoming afferent information by way of apical or basal 
dendrites that extend into lamina IV. 
Very few C or B cells are directly excited by slowly 
conducting gcniculatc fibres. This result is similar to 
Stone and Dreher (1973) but contrasts with Singer e t al. (1975) 
who found that 30% of complex cells arc monosynaptically driven 
by X-afferents. However, there are indications that both C and 
more commonly B cells are indirectly driven by these slow 
fibres. 
Toyama, Maekawa and Takeda (1977) have also shown that 
simple and complex cells are monosynaptically driven by thalamic 
afferents. However, it is not clear what type of afferent fibre 
innervates the two cell classes. Further, Toyama, Kimura, 
Shiida and Takeda (1977) have reported that both complex and 
hypercomplex cells receive disynaptic excitation from geniculate 
fibres. From the present results CH and B 8 cells often have 
latencies suggestive of indirect activation but a significant 
number of s 8 cells are monosynaptically driven from the optic 
radiation. 
The considerations discussed above provide no clear 
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indication as to whether the separate geniculocortical streams 
are _kept apart in the striate cortex. There is an indication 
that many C and S cells receive fast and slow conducting axons 
respectively, however the distinction is by no means absolute. 
Indeed although cells in the S family are commonly innervated 
by X-type fibres, they also receive inhibitory inputs which 
are mediated by the fast conducting system. Furthermore, it 
has been tacitly assumed that individual cells are excited by 
one type of geniculate afferent or the other but not by both. 
The experiments of Lee, Cleland and Creutzfeldt (1977) show 
that both a sustained and a transient ganglion cell can project 
to the same striate simple cell. It is not Known how freque n tly 
this occurs, but excitatory convergence of this kind makes 
much of the parallel processing argum e nt r e dundant. 
A maJor protlem in attempting to assess the connectivity 
of cells in the striate cortex is that many c e lls are not 
excited by electrical stimulation. This lack of excitation 
precludes a detailed analysis of the way information is 
processed in area 17, especially when extracellular recording 
techniques are used. In many ways, area 18 is more suited 
for a study of this type since it receives a heavy projection 
from fast conducting geniculate fibres and is therefore less 
subject to inhibitory effects. 
the following chapter. 
Such a study is de s cribed in 
C H A P T E R T W 0 
THE AFFERENT CONNECTIONS AND LAMINAR DISTRIBUTION 
OF CELLS IN AREA 18 
INTRODUCTION 
Hubel and Wiesel (1962, 1965) were the first to show, using 
single unit techniques, that there were three topographically 
organized visual areas of the cat coexistent with three separate 
cytoarchitectonically defined cortical regions. Using the 
histological maps of Otsuka and Hassler (1962), Hubel and 
Wiesel (1962, 1965) showed that the physiologically identified 
regions visual I, visual II and visual III corresponded to areas 
17, 18 and 19 respectively. It was their contention that area 17 
was the only region which received afferents from the dorsal 
literal geniculate nucleus (dLGN) of the thalamus and the striate 
cortex was therefore regarded as the primary visual area of the 
cat. The more laterally placed areas 18 and 19 were thought to 
be secondary visual areas having no direct access to visual 
information passing up through the thalamus. · 
Even before these studies of Hubel and Wiesel however, 
there was evidence that the lateral visual areas of the cat 
might, to some extent , function independently of area 17. Thus 
both Talbot (1942) and Doty (1958) were able to record responses 
to visual stimulation in the lateral part of the lateral gyrus 
of the cat after removal or pharmacological disruption of more 
medial parts of the cortex. The advent of modern neuroanatomical 
research methods has since shown that the dLGN of the cat, 
unlike that of monkey and man, does indeed send axons to areas 
18 and 19 as well as to the striate cortex (area 17). 
The projection to areas 18 and 19 of the cat has been shown 
anatomically using degeneration (Garey and Powell, 1967; 
Glickstein, King, Miller and Berkley, 1967; Wilson and Cragg, 
1967; Niimi and Sprague, 1970; Burrows and Hayhow, 1971; 
Garey and Powell, 1971) and autoradiographic (Rosenquist, 
Edwards and Palmer, 1974; LeVay and Gilbert, 1976) techniques 
and by the method of retrograde transport of horseradish 
peroxidase (HRP) (Gilbert and Kelly, 1975; Maciewicz, 1975; 
Garey and Blakemore, 1977; Hollander and Vanegas, 1977; 
Kennedy and Baleydier, 1977; LeVay and Ferster, 1977). 
Of particular relevance to the present study are reports 
which have described the thalamic input to area 18. After 
lesions in the dLGN, Garey and Powell (1971) reported that 
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the efferent geniculocortical fibres to area 18 of the cat were 
considerably coarser than those to area 17. This result was 
related to the observation that small and large cells of the 
dLGN send axons to area 17, whereas only large cells project 
to area 18 (Garcy and Powell, 1967). The suggestion that 
area 18 of the cat is predominantly innervated by the larger 
geniculocortical fibres has recently received support from HRP 
studies. Thus, after an injection of HRP into area 18, labelling 
in lateral geniculate neurons is mainly confined to the larger 
cells (Gilbert and Kelly, 1975; Garey and Blakemore, 1977; 
Hollander and Vanegas, 1977; LeVay and Ferster, 1977) and these 
neurons are found most often in laminae Al and C (Hollander and 
Vanegas, 1977; Levay and Ferster, 1977). Large somata are 
generally thought to give rise to large axons (cf. Wassle, 
Levick, Kirk and Cleland, 1975) hence the HRP studies confirm 
that the majority of geniculocortical fibres projecting to area 
18 are of large diameter. 
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In addition to the projection from the dLGN, area 18 also 
receives a significant input from the medial interlaminar nucleus 
(MIN) (Glickstein et al.~ 1967; Niimi and Sprague, 1970; Burrows 
and Hayhow, 1971; Rosenquist et al.~ 1974; Maciewicz, 1975; 
. Kennedy and Baleydier, 1977). HRP studies indicate that, as in 
the dLGN, it is the larger cells in MIN which give rise to the 
thalamocortical fibres (Gilbert and Kelly, 1975; Garey and 
Blakemore, 1977; Hollander and Vanegas, 1977; LeVay and Ferster, 
19 7 7) • There is some disagreement as to whether the more medial 
thalamic nuclei (pulvinar complex (PUL), lateral posterior 
nucleus (LP), and posterior nucleus (PN) ) also send axons to 
area 18. Some studies have indicated that of . the three areas, 
only PUL projects to area 18 (Gilbert and Kelly, 1975; 
Maciewicz, 1975; Kennedy and Baleydier, 1977), whereas other 
reports suggest that LP is the origin of thes~ extrageniculate 
thalamocortical fibres (Niimi and Sprague, 1970; Hollander 
and Vanegas, 1977) . Whatever the exact location of the cells 
in the medial thalamic complex which send axons to area 18, the 
projection is sparse and it is apparent that most of the input 
to cat parastriate cortex arises from the large cells of the 
dLGN (especially laminae Al and C) and from MIN. 
The observation that area 18 is innervated by large axons 
suggests that the thalamocortical fibres projecting to this 
region are fast conducting. Support for this proposition has 
come from studies in which cortical units in area 18 were ortho-
dromically activated from the optic radiation (OR) and optic 
chiasm (OX) (Toyama and Matsunami, 1968; Stone and Dreher, 1973; 
Tretter, Cynader and Singer, 1975). The latency differences 
between OR and OX stimulation for area 18 neurons receiving 
primary afferents are in the order of 1.0 to 1.5 msec, which 
is consistent with the suggestion that geniculo-parastriate 
axons are generally fast conducting. 
Recording in the dLGN, Stone and Dreher (1973) have 
reported that only cells with short antidromic latencies are 
activated after electrical stimulation of area 18. In accord 
with the observation that Y-type (Hoffmann, Stone and Sherman, 
1972; Wilson, Rowe and Stone, 1976) or brisk transient neurons 
(Cleland, Dubin and Levick, 1971; Cleland, Levick, Morstyn 
and Wagner, 1976) have the fastest conducting axons, all of 
the cells in the dLGN which project to area 18 have Y-type 
receptive fields (Stone and Dreher, 1973). As pointed out 
previously, most of the cells which send axons to area 18 have 
large cell bodies and are found most commonly in layers Al and 
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C of the dLGN and in MIN. It has been sugges~ed (Wilson et al., 
1975; Levay and Ferster, 1977) that the large cells in the dLGN 
are Y cells. Physiologically, Y cells or brisk transient cells 
are commonly recorded in layer C of the dLGN (Cleland et al., 
1976; Wilson et al., 1976) as well as in MIN (Mason, 1975; 
Dreher and Sefton, 1978). These results taken with the 
results of Stone and Dreher (1973) described above, indicate 
that Y-type cells are likely to contribute the greater part of 
the projection to area 18. 
With regard to the laminar distribution of the thalamic 
afferents in area 18, geniculocortical axons are found to 
terminate most commonly in lamina IV, to some extent in 
lamina VI, and rarely in laminae I, II, III and V (Gar ey and 
Powell, 1971; Rosenquist et al ., 1974; LeVay and Gilbert, 1976). 
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All the geniculocortical fibres which terminate in area 18 have 
asymmetric terCTinals and most synapse on dendritic spines (Garey 
and Powell, 1971; Levay and Gilbert, 1976). 
Since area 18 predominantly receives large rather than 
small fibres and since fast thalamic afferents are relatively 
easy to drive from both the optic radiation and optic chiasm 
(Singer and Bedworth, 1973; Stan~ and Dreher, 1973; Tretter 
et al.~ 1975), it is often possible to define the conduction 
velocity of thalamocortical fibres which innervate parastriate 
cortical neurons. Thus, assuming the OR-OX latency difference 
is . consistent with a fast input, any variation in the absolute 
orthodromic latencies of area 18 cortical units after OX and OR 
stimulation must result from effects within the cortex itself 
rather than from variability in the conduction velocity of 
afferent fibres. Using this latency data, it , is then possible 
to place parastriate neurons in various classes depending on 
whether they are directly or indirectly innervated by 
thalamocortical axons. By correlating this information with the 
visual properties and laminar position of the cells, one can 
begin to analyse how incoming signals are processed within the 
visual cortex. Area 18 is particularly suitable for · a study 
of this kind because of the unique nature of its thalamic input. 
In summary, the present work has three major aims. The 
first is to study the receptive field properties of neurons in 
area 18 and to examine the laminar distribution of the different 
cell types. In the second part of the study, electrical 
stimulation of OR and OX has been used to determine the ordinal 
position of area 18 neurons with respect to the 
geniculocortical input. The laminar distribution of cells 
directly or indirectly activated from the thalamus is compared 
to the distributon of afferent fibres derived from anatomical 
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studies. Thirdly, the receptive field properties of area 18 cells 
are compared with their position with respect to the thalamic 
input, derived from electrical stimulation. From these results, 
a tentative model is put forward which attempts to show how 
incoming visual information is elaborated within area 18. 
METHODS 
The methodological procedures used in these experiments 
have been described in detail in the previous chapter. The 
data are taken from experiments performed on 24 adult cats. In 
18 of these animals, stimulating electrodes were placed in the 
optic chiasm (OX) and optic radiation (OR) (cf. Chapter 1). 
The two pairs of electrodes were positioned stereotaxically 
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and field potentials recorded in area 18 were used to check that 
the electrodes were at the optimal depth. A diagrammatic 
representation of the position of the OX and OR stimulating 
electrodes is presented in Fig. 1. 
As in the previous chapter, an unambiguous understanding of 
the disposition of laminae in area 18 is critical for the 
interpretation of the present results. An example of a Nissl-
stained section of area 18 is shown in Fig. 2 and the scheme of 
lamination used in the present study is described below. 
Lamina I : As in area 17, lamina I in area 18 is a cell-free 
zone which lies immediately beneath the pial surface. 
Lamina II-IIIa: Both Otsuka and Hassler (1962) and Garey (1971) 
have described layer II as being predominantly composed of small 
pyramidal cells. 
seen in Fig. 2. 
The presence of these small cells can be clearly 
This s up erficial region has been termed 'II-IIIa' 
in the present study since it is difficult to determine exactly 
where layer II ends and layer III begins. 
Lamina III: The broadness of lamina III is perhaps the most 
significant cytoarchitectonic feature of the parastriate cortex. 
Garey (1971) has reported that the lower aspect of layer III is 
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CORTEX 
Fig . l . Schematic representation of the experimental arrangement 
employed in the p r esent study. OR and OX , stimulating electrodes 
positioned in the optic radiation and optic chiasm. 
l ateral geniculate nucleus . 
LGN, 
Fig. 2. Photomicrograph of Nissl-stained section showing the 
disposition of laminae in area 18 of the cat. The area of 
cortex shown here lay in the lateral bank of the lateral gyrus. 
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situated about half way through the thickness of the cortex. 
Otsuka and Hassler (1962) subdivided this lamina into two parts: 
IIIa and IIIb. IIIa is composed of small to medium-large 
pyramids while IIIb contains a mixture of large, medium and 
small cells. The increase in the size of pyramidal neurons 
is evident in Fig . 2. To assist in the analysis of the afferent 
connectivity of area 18, layer III has also been divided into 
two parts (IIIa and IIIb) in the present study. Due regard was 
given to the differences in cell size but because of the 
difficulty in determining exactly where the large lamina III 
pyramids begin , layer III has been divided in half and laminae 
IIIa and IIIb are regarded as being of equal thickness. 
Lamina IV: Garcy (1971) describes lamina IV as being narrow and 
not divisible into two distinct bands, while Otsuka and Hassler 
( 1962 ) comment that the layer is loosely built out of relatively 
large granular cells. In the present study, in contrast to Garey 
(1971 ) , lamina IV has been subdivided into two regions. 
Immediately below the large pyramidal cells (which are situated 
about l1alf way through the cortex) there is a layer composed 
of loosely packed, medium-sized cells. This has been called 
lamina IVa. Beneath this layer is a band of small, densely 
packed cells which has an appearance similar to the granular 
layer of area 17. In the present study, this has been designated 
lamina IVb. Justification for regarding both these regions as 
being part of lamina IV comes from an experiment which examined 
the labelling in the parastriate cortex after an injection of 
( 3H) praline into the lateral geniculate nucleus. The procedures 
used in this autoradiographic experiment were id e ntical to tho s e 
described in Chapter 1. The results are presented in Fig. 3. 
Fig. 3. Radioactive labelling 
resulting from an injection of 
in the parastriate cortex 
( 3 H) praline into the dorsal 
lateral geniculate nucleus. Left, dark field photomicrograph 
showing distribution of silver grains; right, light field 
photomicrograph of same area showing laminar pattern. A dense 
band of labelling extends throughout laminae IVa and IVb. 
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The band of radioactivity clearly extends throughout both the 
loose (lamina IVa) and densely packed (lamina IVb) bands. 
of the labelling is confined to these regions and does not 
extend beyond the large pyramids in either lamina III or 
lamina V. 
Most 
Lamina V: This is a sparsely filled layer containing a number 
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of large pyramidal cells. The equivalent of lamina Va of area 17 
has not been recognised in the parastriate cortex. 
Lamina VI: In contrast to lamina V, lamina VI is a more densely 
packed region which contains mostly medium-sized pyramidal cells. 
Both Rosenquist e t al. (1974) and Levay and Gilbert (1976) have 
reported that lamina VI of area 18 receives a weak but 
significant projection from the geniculate. Such a projection 
was not evident in the present autoradiographic study. 
Generally, the recording electrode entered the cortex 
between Horsley-Clark posterior 1 and 5. All penetrations in 
area 18 passed down the lateral bank of the lateral gyrus and 
crossed the 17/18 border zone (Fig. 5). To extend the traverse 
of area 18, the electrode was tilted with its tip angled 
0 
laterally by about 10 . The cytoarchitectonic criteria used 
to define the 17/18 border and the correlation between the 
histological and physiological estimates of the border zone are 
discussed in Chapter 5. Only those units which were unambiguously 
located in area 18 have been included in the present analysis. 
RESULTS 
RECEPTIVE FIELD PROPERTIES OF AREA 18 NEURONS 
Classification Scheme 
Both moving and stationary stimuli were used to 
qualitatively examine the receptive fields of area 18 cells. 
The terminology of Henry (1977) (cf. Chapter 1), originally 
designed for area 17, has with some adaption proved equally 
useful in the classification of area 18 cells and the general 
properties of the various parastriate receptive field types 
are outlined below . 
Sand A cells 
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S cells can be divided into spatially separate light and/or 
dark edge response regions when tested with light and dark edges 
moved across the receptive field. Of the 117 S cells for which 
edge regions were plotted, 40 (34%) responded to only one edge 
(27 to dark and 13 to light edge), 69 (59%) responded to both 
light nnd dark edges, and 8 (7%) had more than two edge response 
regions. Using moving stimuli, the mean separation of the 
primary borders (Bishop and Henry, 1972) of individual edge 
response fields in S cells was found to be 0.93°. Cells which 
are excited by only one contrast of edge resemble other S cells 
in their general visual properties and the observation that they 
only respond to one edge when tested with hand-held visual 
stimuli is not felt to be a sufficient justification for putting 
them in a separate class. 
placed in the S category. 
Cells of this kind have thus been 
Indeed there is evidence (Camarda, 
in preparation) that quantitative analysis of receptive fields 
sometimes reveals a second response region 
to recognise using qualitative methods. 
that is too weak 
Forty-three S cells (37 %) responded to movement in only 
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one direction and thus were completely directi6n selective. 
Sixteen S cells (14%) showed no direction selectivity whatsoever, 
responding equally well to an optimally oriented stimulus moved 
in either direction. The remaining S cells showed various 
degrees of directional specificity. 
When tested with stationary flashing stimuli, S cells can 
be subdivided into spatially separate ON and/or OFF areas. In 
the present study, it was found that narrow bars of light 
flashed on and off in the receptive field often evoked only weak 
responses in area 18 S cells. In these circumstances, it was 
difficult to find areas which gave pure ON or -pure OFF responses. 
However, the receptive fields of parastriate S cells are 
generally larger than those of area 17 and it became evident 
that wider bars were often necessary to elicit strong, consistent 
responses. It is possible that this observation results from 
the fact that the larger subunits which make up area 18 S cells 
may require substantial summation across the width of the 
flashing bar before an optimal response is obtained. Using these 
broad stimuli, almost all S cells could readily be subdivided 
into separate ON and/or OFF areas. 
Thirty-nine (33 %) S cells possessed only one stationary 
flashing light field; 13 units responded only to ON and 26 
responded only to OFF. Fifty S cells (43%) had spatially 
separate ON and OFF regions and a further three units had three 
ON and OFF areas. Tretter et al . (1975) have put cells which 
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possess only one stationary flashing light receptive fie.ld 
into a separate group from cells in which both ON and OFF areas 
can be recognised. In the present study, cells with one or more 
ON or OFF regions have all been classed as S, primarily because 
quantitative analysis often reveals a second discharge area in 
cells thought to possess only one ON or OFF region when tested 
with hand held stimuli (Camarda, in preparation). Thirteen cells 
did not respond to stationary stimuli, however their responses to 
moving stimuli were similar to other S cells and they have thus 
been placed in this category. 
Additional characteristics of area 18 S cells are that they 
usually have no or only low spontaneous activity and they are 
generally sharply tuned for stimulus orientation. 
Not all cells with spatially separate dark and light edge 
response fields have been classed as S. Very rarely (3 out of 
223 visually responsive units), a cell was encountered which 
exhibited these properties but whose edge response regions were 
quite unlike those of S cells. These cells have large receptive 
fields (primary border separation of about 3.5°) and their 
response to a moving edge is sustained across the whole width 
of the receptive field. Their responses are more typical of C 
cells than S cells, since S cells always possess a region of 
maximum discharge within the receptive field. The large field 
cells just described are similar to the complex cell with 
non-uniform receptive field originally described by Hubel and 
Wiesel (1962). They have been designated as A cells in 
accordance with the classification scheme of Henry (1977). 
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C and fl ce lls 
A substantial number of parastriate neurons have spatially 
coincident light and dark edge response regions. In addition, 
they give mixed ON/OFF discharges over the entire receptive 
field when tested with stationary flashing stimuli. Cells with 
these properties have been divided into two basic categories. · 
( 1 ) C cells have relatively large receptive fields ( the mean 
separation of the primary borders was 4.7°) i they are broadly 
tuned for stimulus orientation and generally have a high rate of 
spontaneous activity. Their response to a moving stimulus does 
not peak at any particular location but is maintained across the 
width of the receptive field. 
In C cells, summation along the length of the stimulus 
varies from cell to cell. Of the 59 C cells encountered in the 
present study, 14 (24%) resembled the striate cells described 
by Palmer and Rosenquist (1974) in that small spots of light 
moved in the preferred direction anywhere within the receptive 
field were as effective in driving the cell as an elongated 
stimulus. In the remaining C cells, lengthening the stimulus 
enhanced the response; in 12 cells, no response was obtained 
with small stimuli and very long edges 0 (up to 10 ) were required 
for consistent activation. 
Twenty-four C cells (42%) responded to only one direction of 
movement and 9 (16%) were driven equally well by movement in 
either direction. C cells which responded to spots of light 
were more direction selective than cells which required a lot 
of length summation (cf. Chapter 3). 
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(2) Units designated as B cells (Ilenry, Lund and Harvey, 1978) 
are similar to C cells in that their light and dark edge regions 
are superimposed and stationary stimuli elicit mixed ON/OFF 
discharges. However they resemble S cells in that they have 
smaller receptive fields (mean primary border separation of 1.6°), 
have low spontaneous activity and are quite sharply tuned for 
stimulus orientation. B cells do not appear to be as common in 
area 18 as in area 17 (Chapter 1) and it should be added that 
the distinction between parastriate C and B cells is not as 
cl-ear as in the striate cortex. 
The H property 
Some S, C and B cells respond optimally to stimuli of 
restricted length, indicative of the presence of inhibitory areas 
beyond the lateral borders (the lateral borders run perpendicular 
to the optimal orientation) of the receptive field. End-zone 
inhibition is the characteristic feature of hypercomplex (Hubel 
and Wiesel, 1965) or H cells and units exhibiting this property 
have been designated SH, CH and BI-I (Henry, 1977). In area 18, 
end-zone inhibition is rarely strong enough to completely 
suppress the response to an elongated stimulus. In the present 
study, hypercomplex properties were attributed to cells in which 
it was possible, by car, to detect a decrease in the response 
as the stimulus was extended beyond an optimal length (Rose, 1977; 
Kato , Bishop and Orban, 1978). 
Non - ori ent ed units 
Forty-six units, recorded in the grey matter of area 18, 
were monocular and had concentric receptive fields typical of 
geniculocortical afferent fibres. The central regions of 
these non-oriented units ranged from 0.7° to 2.7° in diameter 
and they typically responded best to fast stimulus movements. 
Of the afferent fibres for which receptive fields were plotted, 
20 had ON and 19 had OFF centres. After optic radiation (OR) 
stimulation, these presumed fibres showed no latency variation 
and continued to respond at frequencies of up to 1,000 Hz, 
indicative of direct activation of the axon (cf. Fig. 11). 
Rarely, non-oriented (N.O .. ) units were encountered which 
were activated post-synaptically after OR stimulation. · A 
similar small number of non-oriented cortical cells has also 
been reported in area 17 (Chapter 1). 
The relative proportions of ar ea 18 cell class e s 
In 24 cats, 366 units were held long enough to allow a 
thorough search for their receptive fields. Of these units, 
223 (61%) were visually responsive and could be unambiguously 
classed according to the criteria described above. The number 
of units in each cell class, and their relative proportions 
considered with regard to the total number of cells in the 
sample are shown in Table 1. S cells (33%), are the most 
commonly encountered receptive fields type in area 18 (cf. 
Tretter et al . ., 1975; Orban and Callens, 1977a). 
Stimulus velocity 
As described by previous workers (Stone and Dreher, 1973; 
Dreher and Cottee, 1975; Tretter et al . ., 1975; Orban, 1977; 
Orban and Callens, 1977a,b), area 18 cells generally prefer 
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NUMBER OF CELLS 
% OF CELLS 
' 
TABLE 1 
The encounter rates of parastriate cell classes 
s 
119 
32.5 
NVC : 
N.O.: 
R E C E P T I V E 
SH C C B H 
13 59 14 8 
3.6 16.1 3.8 2. 2 
Not visually classified 
Non-oriented 
F I E L D 
B A H 
3 3 
0.8 0.8 
C L A S s 
N.O. NVC TOTAL 
4 143 366 
1.1 39.l 100.0 
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Fig. 4. Ocular dominance disribution for the four most common 
types of parastriate neuron and the overall distribution for 
all cells in area 18. Ocular dominance groups 1 and 7 represent 
cells driven solely from the contralateral and ipsilateral eyes 
respectively. 
higher stimulus velocities when compared to striate neurons. 
Although area 18 cells typically respond optimally to stimulus 
0 
speeds of about 5 to 20 /sec, it should be stressed that many 
cells (especially those located within 5 to 10° of the area 
centralis) will respond to slower velocities (1 to 2°/sec). 
Cells responding to very high sweep speeds 0 (200 /sec or more) 
were rarely encountered in the present study. It may be that 
such cells occur more commonly in the regions of area 18 which 
represent more peripheral parts of the visual field (e.g. 
Orban, 1977). 
Binocularity of cell types 
16 
Figure 4 shows the degree of binocularity of the four most 
common types of parastriate neurons expressed on an ocular 
dominance range from 1 to 7 (Hubel and Wiesel, 1962). Cells in 
ocular dominance classes one and seven are driven entirely by 
the contralateral and ipsilateral eyes respectively. The overall 
ocular dominance distribution for all cells in area 18 is also 
shown in Fig . 4. It should be noted that it was not possible to 
make an estimate of the ocular dominance in all cells. In 
addition, some cells which could not be satisfactorily placed in 
one of th e r e c C' ptiv e fi e ld cla sses , we r e n e v e r t h e l ess cla ss ified 
with regard to their ocular dominance. From Fig. 4, it is clear 
that more cells in the S family (both Sand SH cells) have a 
tendency to be monocularly activated than cells in the C family 
( C and CH cells). Thus 44% of S type cells are driven by only 
one e y e compared to 16 % of cells in the C family. In addition, 
area 18 cells tend to be driven more often by the contralateral 
eye (45% in ocular dominance groups 1, 2 and 3) than by the 
ipsilateral eye (35% in ocular dominance groups 5, 6 and 7) 
(cf. Hubel and Wiesel, 1965; Tretter et al . ., 1975). 
Receptive field classes and visual 
field eccentricity 
All electrode penetrations in area 18 passed down the 
lateral bank of the lateral gyrus (Fig. 5) and so crossed the 
17/18 border zone. Units in area 18 recorded close to this 
17 
border regions have centrally located fields and receptive fields 
move out in a horizontal direction as the electrode moves deeper 
down the lateral bank (cf. Fig. 7, Chapter 5). Hubel and Wiesel 
(1965) have reported similar observations. The position of 
receptive fields with respect to elevation in the visual field 
depends on the anterior-posterior position of the electrode 
penetration. Most units in the present study had receptive 
fields within 5 or 6° of the area centralis in the inferior 
visual field. 
The visual field eccentricity of cells for which receptive 
fields could be plotted was determined by measuring the distance 
between the receptive field centre and the ophthalmoscopically 
estimated position of the area centralis; for binocularly driven 
units, the mean eccentricity for the two eyes has been used. 
One hundred and four cells had receptive fields located within 
0 4 of the area centralis and 122 had more peripheral fields. 
Cells with receptive fields within 4° of the area centralis and 
cells with receptive fields at eccentricities greater than 4° 
have been termed central and paracentral respectively (cf. Albus, 
1975). 
There is a tendency for monocular cells in area 18 to occur 
more often in the central visual field; 38% of centrally located 
cells were monocular compared with 25% of paracentral cells. 
This result is similar to that reported by Albus (1975) in 
area 17 , although the effect of eccentricity appears to be 
· 18 
less pronounced in area 18. Considering the S family (Sand SH 
groups), 51% and 35% of cells were monocular in the central and 
paracentral visual fields respectively. In comparison, the 
proportions of monocular cells in the C family were 18% 
centrally and 11% paracentrally. 
Receptive fields in area 18 increase in size as one moves 
from central to paracentral visual areas(cf. Hubel and Wiesel, 
1965 ; Dreher and Cottee, 1975). The average separation of the 
primary borders of central C cells was 3.5°, compared with 5.6° 
for cells located in the paracentral visual field. The effect 
of increasing eccentricity on receptive field size was less 
marked in S cells; the mean primary border separation for 
individual edge response fields was 0.87° and 0.96° in central 
and paracentral visual regions respectively. 
The relative encounter rates of central and paracentral 
Sand C cells were remarkably similar; S cells made up 51.9% 
and 51.6% of all cells located in central and paracentral visual 
fields respectively and C cells comprised 22% and 27% of the 
total populations found in the two visual regions. From the 
histological reconstruction of electrode paths there was no 
tendency to record more frequently from a given lamina in 
regions of cortex devoted to central rather than paracentral 
visual processing. Thus the encounter rates described above 
are not biased by differential sampling of different regions 
of central and paracentral cortex and it can be concluded that 
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Fig . 5. (opposite ) Photomicrograph of el e ctrod e penetration in 
the lateral bank of the lateral gyrus. The track is entirely 
within area 18 . Arrows show the positions of e l e ctrolytic 
lesions . Marker respresents 1 mm . 
Fig . 6 . ( above ) Diagrammatic r e pr e sentation of th e e lectrode 
track presented i n Fig. 5 showing the location of single units 
recorded during the penetration. L, electrolytic l e sions; 
arrow , 17/18 border region ; ? , unclassified units. 
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Sand C cells are distributed evenly throughout the visual 
representation in area 18 (at least up to eccentricities of 20°). 
L~MINAR DISTRIBUTION OF RECEPTIVE 
FIELD CLASSES 
The cytoarchitectonic criteria used for determing the 
laminar pattern in cat area 18 have been described earlier 
(s ee METHODS). The anatomical location of physiologically 
identified area 18 units was obtained from histological 
reconstruction of electrode tracks. Such a penetration is 
shown in Figs. 5 and 6. Electrolytic lesions were placed at 
various intervals along tl1e track in order to facilitate the 
histological analysis. Due to the errors inherent in such 
reconstructions(cf. Chapter 1), units found to be located at 
the borders between laminae have not been assigned to any 
particular layer, but have been placed in separate border 
groups. In the present study, laminar analysis has been made 
easier by the fact that most of the electrode tracks ran 
parallel to the laminar boundaries. 
The laminar distribution on the 366 isolated cells and 
the 46 thalamocortical fibres is shown in Table 2. The data 
presented in Table 2 has been replotted in Fig. 7. In this 
figure, the proportions of the major cell types (expressed as 
a percentage of the total number of cells isolated in each 
layer) in each cortical lamina are shown. Such an analysis 
removes the effects of uneven sampling in different laminae. 
S cells occur most frequently in laminae IIIb, IVa and VI. 
In terms of the total number of S cells found in each layer, 
the proportions in which qualitative testing revealed only one 
LAMINA 
II-IIIa 
IIIa 
IIIb 
IIIb/IVa 
IVa 
IVa/IVb 
IVb 
IVb/V 
V 
V/VI 
VI 
TABLE 2 
Laminar distribution of receptive field classes in area 18 
R E C E P T I V E 
s SH C CH B 
3 1 4 3 1 
16 3 2 4 1 
24 6 11 0 1 
9 0 0 0 0 
8 0 3 2 0 
5 0 3 1 1 
4 1 4 0 1 
6 1 8 0 0 
11 1 15 4 2 
5 0 2 0 0 
28 0 7 0 1 
NVC : Not visually classified 
N.O.: Non-oriented 
BH 
1 
0 
1 
0 
0 
0 
0 
0 
.0 
0 
1 
F I E L D C L A S s 
A N.O. NVC TOTAL 
0 0 32 45 
0 0 22 48 
0 0 18 61 
0 1 11 21 
0 1 7 21 
0 0 3 13 
0 0 12 22 
0 0 7 22 
0 1 14 48 
1 0 3 11 
2 1 14 54 
FIBRES 
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The proportions of cells in each cortical lamina which 
were or \vere not orthodromically activated after optic chiasm (OX) 
and/or optic radiation (OR) stimulation. Filled circles, cells 
driven from OX and/or OR; open circles, cells not excited from 
either site ; dotted blocks , laminae in which geniculocortical 
fibr es terminate (d emonstrated anatomically). 
edge response region arc highest in laminae IIIb, IVb and VI. 
On the other hand , S cells with only one ON or OFF area have 
a similar laminar distribution to those which have two or more 
stationary flashing light regions. Unlike area 17 (Chapter 1), 
there is no indication that the ocular dominance distribution 
of S cells varies from lamina to lamina. 
C cells are commonly found in laminae IVb and V; C cells 
which responded well to spots of light are not distributed any 
differently from the rest of the C population. Cells with 
20 
hypercomplex properties are typically located in the superficial 
layers (54% of all end-stopped cells are found in layers II and 
III ) . In general the laminar distribution of receptive field 
classes in area 18 is strikingly similar to that found in area 17 
( Chapter 1 ) . 
THE THALAMIC INPUT TO AREA 18 
rn3ne ra l comm en ts 
Electrical stimulation of the optic radiation (OR) and 
optic chiasm (OX) was te s ted on 282 cells and 29 geniculocortical 
afferents. Of the cell population, 200 (71 %) could be 
orthodromically driven from one or both stimulating s ites; 151 
were excited from both OR and OX, 43 were excited from only OR 
and 6 were driven from only OX. Figure 8 shows the proportion 
of electrically excitable units in the different laminae of 
area 18. Cells located within a zone extending from laminae 
IIIb to IVb are more often activated after OX and/or OR 
stimulation than cells in more superficial and deeper layers. 
The dotted bars in Fig. 8 indicate the anatomically defined 
laminae in which thalamic afferents terminate (see METHODS). 
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Minimum orthodromic lat e ncies of parastriate n e urons 
e xcit e d by optic chiasm (OX) and optic radiation (OR) stimulation. 
Arrows indicate peaks in the latency distributions. 
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Fig . 10 . Orthodromic optic chiasm (OX) and optic:: radiation (OR) 
l ate n cies of parastriate n eurons ( filled circles) and geniculo-
c ortica l f i b r es (open circ l es) r ecorded within the grey matter 
of area 18 . The line rep r esents the mean OX-OR latency 
di fference (1 .05 msec ) of geniculocortical fibres and passes 
th rou gh a ll poin t s at wh i ch the OX latency is equal to the OR 
l atency p l us 1 . 05 msec. Ce l ls located within boxes 1 and 2 
ha v e been termed group 1 and group 2 respectively. Cells outside 
these areas a r e designated as group 3 . 
are commonly found in the area marked F. 
Geniculocortical fibres 
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Units driven from OR but not OX 
Forty-three cells in area 18 were activated by OR 
stimulation but could not be driven from OX. The OR latencies 
ranged from 1.0 to 8.5 msec. Twenty-four of these neurons had 
latencies greater than 2.0 msec and were therefore not directly 
excited by fast thalamocortical fibres (see below). The nature 
of the afferent input to these cells will be further considered 
in the DISCUSSION. 
Units driven from both OX and OR 
One hundred and fifty one cells were orthodromically 
activated from both OX and OR stimulating electrodes. The 
minimum latencies to OX and OR stimulation are shown in the 
two histograms of Fig. 9. There appears to be two main peaks 
in both the OX and OR latency distributions (as indicated 
by the small arrows ) . The bimodality of the latency 
distribution is also evident in Fig. 10, which presents the 
minimum latencies to both OX and OR stimulation for each cell 
( filled circles). Before analysing this data further however 
it is necessary to examine the OX and OR latencies of 
thalamocortical fibres recorded in the grey matter of area 18-
OX and OR latencies of geniculocortical fibres 
The open circles in Fig. 10 show the OX and OR latencies 
for 27 geniculocortical fibres excited from both stimulating 
sites. An example of a geniculate axon excited by OX and OR 
stimulation is shown in Fig. 11. The minimum latencies to OX 
and OR stimulation were 1.4 and 0.42 msec respectively. Note 
• 
I 
I 
I 
. 
a 
-, 
\ 
V 
, . 
• 
I 
111/ /; 
//. I I , 
I 
Fig. 11. Orthodromic activation of a geniculocortical f i br e 
(arrowed) and a group 1 neuron recorded in area 18. 
chiasm stimulation; b, optic radiation stimulation. 
indicates 1 msec. 
a, optic 
Marker 
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that after OR stimulation the fibre shows no latency variation. 
The mean OX and OR latencies for thalamic afferents recorded 
in area 18 was 1.55 msec and 0.5 msec respectively. Thus the mean 
OX-OR latency difference was 1.05 msec. This OX-OR difference 
is shown as the line in Fig. 10; the line is drawn through all 
points at which the OX latency is equal to the OR latency plus 
1 . . 05 msec. Since there is one synapse interposed between the OX 
and OR stimulating electrodes, an OX-OR difference of 1.05 msec 
indicates that the fibres involved in the retino-thalamo-
parastriate pathway are fast conducting. The short OR latencies 
of fibres entering area 18 (cf. Fig. 10) support this proposition. 
The observation that short OR latencies are correlated with small 
OX-OR differences suggests that fast retinothalamic fibres 
synapse on cells giving rise to rapidly conducting geniculocortical 
axons (cf. Cleland et al.~ 1971; Hoffmann, et al.~ 1972; Cleland 
et al.~ 1976). 
OX and OR lat encies of cortical cells 
For area 18 cortical cells, as described earlier, the 
latencies to OX and OR stimulation are bimodally distributed. 
As shown in Fig. 10, the two main latency groups have been 
labelled group 1 and group 2. All cells with OX latencies 
between 2.0 and 3.0 msec, and OR latencies between 1.0 and 
2.0 msec have been placed in the group 1 category. Group 2 
neurons have been defined as having OX latencies between 3.0 
and 4.0 msec and OR latencies between 2.0 and 3.0 msec. Twenty -
one cells have OX and OR latencies which do not fall within 
groups 1 and 2 as defined above. These remaining cells have 
been placed in a separate category and defined as group 3 
neurons. An example of a group 1 neuron excited from OX and OR 
· 2 3 
is presented in Fig. 11. The minimum OX and OR latencies of 
this cell were 2.4 msec and 1.25 msec respectively. The latency 
variation is characteristic of orthodromic, postsynaptic responses. 
Considering only the first two groups, th~ mean OX and OR 
latencies for group 1 neurons (N = 78) is 2.4 and 1.3 msec 
respectively and the mean latencies to OX and OR stimulation for 
group 2 neurons (N = 52) is 3.6 and 2.5 msec. The OX-OR latency 
difference for both groups is therefore 1.1 msec; thus although 
the absolute OX and OR latencies of group 2 neurons are a 
millisecond or so longer than those of group 1 cells, this 
increase does not appear to be related to the speed of 
conduction of afferent geniculocortical axons. Since the mean 
OX-OR difference for geniculocortical fibres is almost identical 
to the mean OX-OR differences for both group 1 and group 2 
neurons, it can be concluded that the axons recorded presynaptic-
ally in area 18 belong to the same population as those innervating 
parastriate neurons. This being so, it is significant that 
nearly all group 1 and group 2 cells lie close to the line which 
represents the mean OX-OR difference for geni·culocortical fibres 
(Fig . 10). This result provides further indication that the 
difference in latencies between group 1 and group 2 neurons is 
not due to variation in the conduction velocity of afferent 
fibres. The observed latency differences must therefore be 
cortical . . . in origin. 
The average OR latency difference between geniculate fibres 
and group 1 neurons is 0.8 msec and between group 1 and group 2 
neurons is 1.2 msec. The latency difference (0 . 8 msec) between 
the afferent axons and the postsynaptic group 1 cells 
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group 1, group 2 and group 3 neurons and cells that were not 
driv e n by electrical stimulation. Dotted bars, anatomically 
defined termination of geniculocortical fibres. 
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presumably represents the average synaptic transmission delay. 
The longest OR latency for a geniculocortical fibre was 1.1 msec, 
hence cells with orthodromic latencies greater than 1.9 msec are 
unlikely to be monosynaptically excited. Similarly, the fastest 
afferent fibre response to OR stimulation was 0.3 msec., thus 
assuming a synaptic delay of 0.8 msec the earliest possible 
disynaptic response is again 1.9 msec. These arguments provide 
justification for rthe group 1/group 2 subdivision proposed above 
and strongly suggest that group 1 and group 2 cells are 
monosynaptically and disynaptically excited respectively. 
If group 2 cells are indirectly (presumably disynaptically) 
excited by fast geniculocortical fibres, it might be expected 
that the average OR latency difference between the two groups 
(i.e. the synaptic delay) would be 0.8 msec. However, the 
observed latency difference is in fact 1.2 msec. The 
additional delay (0.4 msec) is likely to result from the extra 
conduction time taken for the nerve impulse to travel within 
the cortex from the group 1 to the group 2 cell. 
LAMINAR DISTRIBUTION OF CELL GROUPS DEFINED 
BY AFFERENT STIMULATION 
Figure 12 shows the absolute number of group 1 and group 2 
neurons recorded in the various laminae of area 18. This 
histogram is somewhat misleading however, in that it does not 
take into account the effects of uneven sampling in different 
cortical layers. In Fig. 13, the relative proportions of group 1, 
group 2 and group 3 units and cells tl1at could not be driven by 
electrical stimulation are shown for each lamina. The 
proportions of each group are shown as percentages; they are 
derived by dividing the number of cells in each group in a 
particular lamina by the total number (N) of cells tested by 
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electrical stimulation in that lamina. The dotted bars indicate 
the anatomically defined termination of geniculocortical fibres 
in area 18 (cf. METHODS). 
Group 1 cells are found most often in laminae IIIb, IVa, 
IVb and VI; up to about 50% of all neurons encountered in layers 
IIIb and IVa were classed as group 1 cells. Note the sharp 
decrease in the proportion of group 1 cells in lamina V. In 
general, the distribution of group 1 neurons closely follows the 
anatomically defined laminar distribution of afferent terminals 
and is consistent with the suggestion that group 1 neurons are 
directly activated by geniculocortical fibres. Group 2 neurons 
predominate in layers II-IIIa, IIIa and V (shown anatomically 
to receive very few thalamic axons)and are very rare in lamina 
IIIb and IVa. These observations lend support to the suggestion 
that group 2 neurons are indirectly activated from the optic 
radiation. Units not excited by either OX or OR stimulation 
were chiefly located in laminae II-IIIa, IIIa, V and VI. 
There is a peak in the distribution of group 3 cells close 
to lamina V. Many of these cells have long OX and OR latencies 
indicative of indirect activation from the thalamus. If these 
cells are considered along with group 2 neurons then over 30% 
of all units encountered at the IVb/V border and in layer V 
itself are indirectly driven from OR. Cells driven only from 
OR (n ot shown in Fig. 13) are found most often in laminae 
II-IIIa and VI. 
RECEPTIVE FIELD PROPERTIES OF CELL GROUPS 
DEFINED BY AFFERENT STIMULATION 
The receptive field properties of the 282 cells for which 
OX and OR stimulation was attempted . is shown in Table 3. The 
majority (53%) of S cells are group 1 neurons while only 10% 
of all S cells have latencies indicative of an indirect input 
from the thalamus; in all, 84% of parastriate S cells were 
excited from at least one stimulating site. For S cells 
activated from both OX and OR, 81% of S cells with only one 
ed~e response area are group 1 cells, compared with 76% of S 
cells with two or more edge regions. Thus cells with one or 
more edge response regions are very similar in their afferent 
connectivity and this gives further support to the proposition 
that they .should all be placed in the S category. Similarly, 
there is almost no difference in the connectivity of S cells 
which contain either one or more stationary flashing light 
regions. There is no indication that group 2 S cells have 
larger receptive fields than group 1 cells. 
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Only 18% of C cells have OX and OR latencies indicative of 
a direct thalamocortical input; most C cells (49%) are group 2 
neurons. Many of the group 3 C cells have OX and OR latencies 
greater than 4.0 and 3.0 msec respectively. If these cells are 
considered along with group 2 neurons, then 62% of all C cells 
are indirectly driven from the optic radiation. In all, 95% of 
parastriate C cells were activated after OX and/or OR 
stimulation. When compared with the overall C population, 
C cells which show little or no length summation more often 
have group 2 latencies. As with S cells, the receptive fields 
TABLE 3 
The afferent connectivity of parastriate receptive field classes 
L A T E N C Y 
RECEPTIVE FIELD CLASS 1 2 3 OR only 
s 43 8 3 10 
SH 7 2 0 0 
C 7 19 8 3 
CH 1 7 2 1 
B 1 3 2 0 
BH 0 1 0 1 
A 1 0 0 0 
N.O. 2 0 0 0 
NVC 16 12 6 28 
NES: Not driven by electrical stimulation 
NVC: Not visually classified 
N.O.: Non-oriented 
G R O U P 
OX only NES 
4 13 
0 2 
0 2 
0 1 
0 0 
0 1 
0 0 
0 1 
2 62 
Total 
81 
11 
39 
12 
6 
3 
1 
3 
126 
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third spike late n cies. 
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of C cells in group 2 do not appear to be any larger than those 
in group 1. 
s
11 
and c
8 
cells closely resemble their parent groups in 
terms of the proportion of each cell type directly or 
indirectly activated from the optic radiation (see Table 3). 
Thus 64% of SH cells are group 1 neurons, whereas group 2 neurons 
comprise 59% of the CH population. 
It is of interest that most of the cells (76%) which were 
not excited by electrical stimulation could not be visually 
classified ( see DISCUSSION). 
MULTIPLE DISCHARGES EVOKED BY ELECTRICAL 
STIMULATION 
Of the 194 cells responsive to OR stimulation, 137 (71 %) 
gave only one impulse and 57 (29%) gave two or more spikes for 
every OR shock . Figure 14 shows the latencies to the second and 
third spikes elicited after a single shock of OX or OR. In 26 
cells, seco nd spikes were elicited after both OX and OR 
stimulation . The mean OX-OR latency difference for these spikes 
was 1.2 msec which is very similar to the 1.1 msec found for 
geniculocortical fibres and the first spikes of group 1 and 
group 2 neurons (cf. Fig. 10). Thus the longer OX and OR 
latencies of second spikes (Pig. 14) are not related to the 
speed of conduction of afferent axons and must therefore result 
from extra delays within the cortex itself. In this regard, 
Tretter et al .~ (1975) have shown that in cells that fire 
repetitively after a single OR shock, each impulse is associated 
with its own discrete excitatory post-synaptic potential. It 
would appear then , that the multiple discharges evoked by a 
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single electrical shock are mediated by polysynaptic pathways. 
Considering only OR stimulation, the latencies of the second 
spikes peak at about 2.4 and 3.4 msec. Cells with second spike 
latencies around 2.4 msec were classed on the basis of their 
first spike OX/OR latencies as group 1 neurons and their second 
spike latencies are identical to the latencies of the first 
spike of group 2 neurons (mean OR latency= 2.4 msec). Thus the 
coincidence of group 1 second spike latencies and group 2 first 
spike latencies supports the proposition that group 2 neurons 
are disynaptically activated by geniculocortical afferents. 
Most of the second spikes associated with group 2 neurons 
are found to have latencies of about 3.5 msec thus the latency 
difference between the first and second spikes of group 2 cells 
is 1.1 msec. This delay is very similar to th_e latency 
difference between the first spikes of group 1 and group 2 
neurons and between the first and second spikes of group 1 
neurons. It is probable therefore that these later group 2 
afferent spikes are mediated via three synapses. 
Tretter et al. (1975) have reported that C cells tend to 
fire repetitively after a single OR shock. Results from the 
present analysis are given in Table 4 which shows the relation 
between receptive field type and whether a cell produces 
single or multiple discharges after OR stimulation. Most (83%) 
S cells give only one spike per shock wercas C cells (73 %} tend 
to give multiple discharges. Note also the SH and CH cells are 
similar in this r e gard to their parent cell groups. 
1 spike 
> 1 spike 
TABLE 4 
Multiple discharges evoked by electrical 
stimulation related to receptive field class 
RECEPTIVE FIELD CLASS 
s SH C CH B BH A 
53 7 10 6 5 1 1 
11 2 27 5 1 1 0 
N.O.: Non -oriented 
NVC : Not visually classified 
N.O. NVC 
1 53 
1 9 
Concomitant with the finding that C cells comonly fire 
repetitively after OR stimulation, cells further away from 
the afferent input receive multiple inputs more often than 
cells directly driven by thalamocortical fibres. Only 26% 
of group 1 cells give more than one spike, compared with 44% 
of group 2 cells and 57% of group 3 cells. Lastly, there is 
no indication from the present results that S cells with 
multiple synaptic inputs (i.e. giving two or more spikes per 
OR shock) have larger receptive fields than S cells which 
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apparently receive only one type of afferent input. 
result is obtained for C cells. 
A similar 
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DISCUSSION 
Visual properties of area 18 neurons 
S ceZZs 
S cells in the parastriate cortex have the smallest 
receptive fields, have a low spontaneous discharge and are 
sharply tuned for stimulus orientation. The majority show 
some preference for the direction of stimulus movement. 
Qualitative analysis indicates that many S cells in area 18 
have monocular receptive fields but it is not clear whether 
these cells, like their counterparts in area 17, have subliminal 
excitatory or inhibitory areas in the non-dominant eye (Bishop, 
Henry and Smith, 1971). Such regions are difficult to locate 
using qualitative methods and quantitative experiments involving 
simultaneous binocular stimulation of the two eyes are necessary 
to show whether these subliminal areas exist. In addition, 
S cells in the striate cortex are extremely sensitive to the 
spatial disparity of binocularly presented visual stimuli 
(Nelson, Kato and Bishop, 1977). It is not yet known whether 
this is also a characteristic property of parastriate S cells. 
In area 18, S cells are found throughout all layers of the 
cortex, but they are most common in laminae IIIb, IVa and VI. 
Their distribution is therefore very similar to the disposition 
of thalamocortical afferents, shown anatomically to terminate 
in layers IV and VI (see METHODS: Garey and Powell, 1971; 
Rosenquist, et aZ . ., 1974; Levay and Gilbert, 1976). 
S cells are the most commonly encountered receptive field 
type in area 18 of the cat, comprising 53% of the total number 
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of visually classified cells in the present study. Tretter et al. 
(1975), Dreher and Cottee (1975) and Orban and Callens (1977a) 
have obtained similar results. Cells having receptive fields with 
only one ON or OFF area, or with spatially separate ON and OFF 
areas (all classed as Sin the present study) made up 64% of the 
total sample of Tretter et al. (1975) and 40% of Dreher and 
Cottee's (1975) population, while Orban and Callens (1977a) 
reported that 50% of their visually classified cells had simple 
receptive field properties. Yamane, Nikara and Sugie (1977) 
have also described simple cells in area 18 though they found 
that these cells comprised only 31% of the total population. 
The results presented above stand in direct contrast to 
those of Hubel and Wiesel (1965), who found no evidence for the 
existence of simple cells in area 18. Simple cells, as originally 
defined by Hubel and Wiesel (1962), can be subdivided into 
separate ON and OFF areas when tested with stationary flashing 
stimuli. The critical features that characterise simple cells 
are that they show summation within an ON or an OFF area as well 
as antagonism between neighbouring ON and OFF areas when both 
regions are stimulated simultaneously. Both simple and complex 
cells show summation as the length of a stimulus is increased 
along the line of optimal orientation. However, only simple 
cells summate when the width of a stationary flashing stimulus 
is increased in a direction perpendicular to the preferred 
orientation. 
The classification scheme used in the present study does 
not lay any emphasis on the presence or absence of summation 
(cf. Henry, 1977) and it is therefore difficult to make a direct 
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comparison between the present results and those of Hubel and 
Wiesel. However, recent quantitative analysis of S cells in 
area 18 (Camarda, in preparation) indicates that many of these 
cells do show summation and antagonism characteristic of area 17 
simple cells. S cells as described in this chapter would 
undoubtedly be classified as simple if the criteria of Bishop 
and Henry (1972) and Kato et al. (1978) are adopted. Indeed, 
the laminar distribution, afferent and efferent connections and 
overall receptive field properties of parastriate S cells are 
almost identical to their counterparts in the striate cortex. 
Thus irrespective of whether S cells in area 18 are really 
simple cells as defined by Hubel and Wiesel (1962), they appear 
to subserve a role in visual processing which is similar to the 
equivalent cells in area 17. 
C and B cells 
The present study has shown that C cells generally have the 
largest fields in the parastriate cortex and that there is a 
marked tendency for peripheral fields to be larger than those in 
the central visual representation. C cells generally have a 
relatively high rate of spontaneous discharge and the majority 
have binocular receptive fields (cf. Fig. 4). Summation along 
the length of the stimulus varies from one C cell to another. 
Cells which show rapid summation and are thus activated equally 
well by both short and extended targets are more direction 
selective than units which only respond to long stimuli. In 
terms of the proportion of cells encountered in any given lamina, 
C cells are most commonly encountered in layers IVb and V. 
Neurons classified as C cells made up 26% of the total 
population of visually classified cells in area 18. In 
comparison, Tretter et al. (1975) reported that 27% of their 
sample were group 3 cells (which are equivalent to the C cell 
as described in the present study), Dreher and Cottee (1975) 
found that 33% of their area 18 cells were C type, while 
Orban and Callens (1977a)found that complex cells constituted 
18% of their population. These figures are much lower than 
those of Hubel and Wiesel (1965) ,who claimed that 96% of cells 
recorded in area 18 had complex receptive fields. This 
discrepancy in the C cell populations, when considered along 
with the already described difference in the encounter rates 
of S cells,indicates that many of Hubel and Wiesel's 
complex cells have been classed as S, or simple, by 
workers. 
other 
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B cells arc apparently not common in area 18. In area 17, 
D cells make up the greater part of the projection to the Clare-
Bishop cortex (Henry, Lund and Harvey, 1978). ~rca 18 also sends 
axons to this association area but the receptive field clas s es 
which contribute to this pathway arc not yet known. If 
parastriate B cells are efferent to the Clare-Bishop area, it 
would add weight to the suggestion that these cells constitute 
a distinct receptive field class which is equivalent to the 
B cell group of area 17. 
The H pr ope r ty 
Cells which possess end-zone inhibition and thus respond 
optimally to stimuli of restricted length are found most 
commonly in the superficial layers of area 18. All three major 
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cell groups (S, C and B) can have hypercomplex or H properties, 
a result similar to that found in area 17 (Dreher, 1972; 
Camarda and Rizzolatti,1976a; Wilson and Sherman, 1976; Rose, 
1977; Henry et al . ., 1978; Kato et al . ., 1978). 
The thalamic input to area 18 
Geniculocortical fibres recorded in area 18 
Geniculocortical fibres are commonly encountered in the 
middle to deep layers of the grey matter of cat area 18. As 
would be expected from previous anatomical and physiological 
studies (see INTRODUCTION), nearly all of the afferent fibres 
activated from both the optic chiasm and optic radiation have 
OX-OR latency differences indicative of fast axonal conduction. 
In addition, the size of the receptive fields and the 
responsiveness to fast stimulus velocities suggests that the 
majority of the geniculocortical axons recorded in area 18 are 
probably Y-type (Hoffmann et al . ., 1972) or brisk transient 
(Cleland et al . ., 1971). These results are in keeping with the 
proposition that area 18 is innervated mainly by axons arising 
from Y cells in the dLGN and in MIN. Significantly, the mean 
OX-OR latency difference for afferent fibres is identical to 
the mean OX-OR latency differences of both group 1 and group 2 
cortical cell populations. The fibres recorded presynaptically 
in area 18 therefore belong to the sa~e population as those 
innervating parastriate neurons. 
The afferent connections of ar e a 18 neurons 
About 75% of the cortical neurons excited by stimulation 
of the primary visual pathway were activated from both OX and OR. 
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The OX-OR latency differences of both group 1 and group 2 cells 
are indicative of innervation by fast(presumably Y) geniculo-
cortical fibres, even though the absolute OR and OX latencies 
of group 2 neurons are 1.0 to 1.5 msec longer than those in 
group 1. Consequently, the longer latencies of group 2 neurons 
are not related to the conduction velocity of incoming afferent 
fibres , but appear to arise from extra delays occurring within 
the cortex itself . From an examination of the range of OR 
latencies of geniculocortical fibres recorded in area 18, it is 
apparent that orthodromic postsynaptic responses of less than 
about 2.0 msec are unlikely to be mediated by more than one 
synapse , while latencies greater than 2.0 msec are too long to 
be consistent with direct excitation by thalamic afferents. The 
relatively short latency group 1 cells are regarded as being 
directly or monosynaptically excited by thalamic afferents, 
while the longer OX and OR latencies of group 2 neurons are 
indicative of indirect (presumably disynaptic) activation by 
geniculocortical fibres. The latencies of some group 3 neurons 
suggest that there are three synapses interpos e d between the 
presynaptic afferent terminals and these long latency cells. 
Consistent with the proposition that group 1 cells are 
directly and group 2 cells are indirectly driven by primary 
afferents , group 1 cells are concentrated in the cortical lay e rs 
shown anatomically to be the site of geniculocortic a l fibre 
termination, while group 2 cells are commonly found in non-
receiving laminae (Fig. 13). In addition, th e minimum late n cies 
of group 2 neurons are similar to the second s pike latenci e s of 
group 1 cells. Since repetitive firing of cortical cells after 
a single OR shock is co n s i ste n t wi th multi p l e synapti c i n p ut s 
(Tretter e t al . ., 1975) this result can be taken as further 
evidence that the input to group 2 neurons is disynaptically 
mediated. 
Forty-three cells could be excited by OR but not by OX 
stimulation. Some of the OR latencies were very short, 
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suggestive of a fast input to these particular area 18 neurons. 
The OR latencies of 24 cells however, were longer than 2.0 msec. 
These long latencies could indicate either that long polysynaptic 
pathways are involved or that the afferent fibres mediating 
these orthodromic responses are slow conducting. No slowly 
conducting fibres were recorded presynaptically in area 18 but 
this may be due to the difficulty in recording from fibres which 
would presumably be of small diameter. The observation that many 
of the cells activated at long latency after OR stimulation 
occur in lamina II-IIIa and are not responsive to visual stimuli 
(Table 3) is perhaps indicative of polysynaptic input. However, 
it should be stressed that the possibility that some slowly 
conducting axons project to area 18 cannot be ruled out. 
Eighty-two (29%) of the area 18 units in the present sample 
were not activated from either stimulating site. These 
electrically non~rivable cells are found most commonly in the 
superficial and deep layers of the cortex and the greater 
proportion of these cells (76%) are also difficult to excite 
with visual stimuli. It is possible that these non-responsive 
neurons have been damag e d in some way by the proximity of the 
r cording electrode. However, the absence of electrical and 
visual activation may al s o indicate that the excitatory input 
to these cells is mediated by a large number of intracortical 
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Fig. 15. A tentative model which depicts how incoming visual 
information is processed within area 18. The experimental basis 
for this model, as well as some of its implications are discussed 
in detail in the text. Cells labelled 1 and 2 represent group 1 
and group 2 neurons respectively. Dotted bars on the right show 
the anatomically defined distribution of geniculocortical 
terminals. 
synapses and that very specific visual stimuli are required to 
trigger these neurons . 
The processbng of afferent informatio n in area 18 - ,a model 
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The electrophysiological data presented in this study has 
been incorporated into a tentative model (Fig. 15) which attempts 
to describe how afferent visual information is processed within 
area 18. The evidence upon which this model is based can be 
summarised as follows. Group 1 cells, which are regarded as 
being monosynaptically driven by thalamic afferents, are 
commonly found in laminae IIIb, IVa, IVb and VI. They are 
represented by the pyramidal cells labelled 'one' in Fig. 15 
and are shown as receiving direct connections from incoming 
thalamic fibres. Garey and Powell (1971) have reported that 
some degenerating thalamic afferents may terminate on the cell 
bodies and dendritic spines of stellate cells in area 18. Golgi 
studies indicate that stellate cells with spine-laden dendritic 
processes are common in lamina IV of area 17 in both cat and 
monkey (Lund, Henry, Macqueen and Harvey, in preparation; Lund, 
1973) however similar studies in cat area 18 have not yet been 
undertaken and it is not yet clear whether layer IV spiny 
stellate cells also occur in th~s cortical region. Thus although 
Fig. 15 shows all cells as having pyramidal morphology, it should 
be pointed out that some neurons, especially those in lamina IV, 
may in fact have stellate morphology. 
Group 1 cells in layers IV and VI occur in the laminae which 
anatomically have been shown to receive thalamocortical fibres 
(shown as the dotted bars in Fig. 15). Lamina VI neurons are 
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shown as being directly excited in two different ways; one via 
a thalamic terminal and an apical dendrite in layer IV, and the 
other by way of interaction between an afferent fibre and a 
basal dendrite in lamina VI. Many group 1 cells are found in 
layer IIIb , above the laminae in which geniculocortical terminals 
are concentrated. As shown in Fig. 15 it is proposed that these 
cells in deep III have pyramidal morphology and have basal 
dendrites which reach down into layer IVa and perhaps IVb. 
Such cells would therefore have access to incoming afferent 
information. Group 1 cells are also shown as having only a 
single major excitatory input, since group 1 neurons rarely 
produce multiple spikes after single shocks of the optic 
radiation. 
Group 2 neurons (which are suggested as being disynaptically 
activated by thalamic afferents) are commonly encountered in 
laminae II-IIIa, IIIa and V. In consequence, group 2 neurons 
in these layers are shown (Fig. 15) as receiving excitatory 
inputs from group 1 cells. Since cells in the middle to 
superficial parts of lamina III are often only indirectly driven 
from the thalamus, the basal dendrites of these pyramidal 
neurons are unlikely to extend down into layer IVa. It is 
suggested that these group 2 cells are innervated by the 
recurrent axons of group 1 neurons. Although the large pyramids 
in layer V have apical dendrites which pass up through layer IV, 
the fact that the majority of layer V neurons are indirectly 
activated from the thalamus suggests that these dendrites are 
not contacted by afferent terminals. In the monkey striate 
cortex, it has been shown that the apical dendrites of layer V 
pyramidal cells lose their spines in the laminae in which 
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geniculocortical fibres terminate (Lund and Boothe, 1975). Since 
most thalamic afferents synapse on dendritic spines (Garey and 
Powell, 1971), it can be inferred that these layer V neurons 
are not innervated by afferent nerve endings. It would be of 
interest to know if a similar pattern is also present in area 18 
of the cat. 
Indirectly driven area 18 neurons often fire repetitively 
after a single optic radiation shock which indicates that there 
are multiple synaptic inputs onto these cells (cf. Tretter et al.~ 
1975). One lamina III cell and one neuron in lamina V are shown 
as receiving an input from both a group 1 and a group 2 cell and 
hence are disynaptically and trisynaptically excited by thalarnic 
afferents. 
Layer III, V and VI pyramidal cells are shown as having 
axons which project out of the cortex. The evidence for these 
projections is described elsewhere (Chapters 3, 4 and 5) but it 
is worth mentioning at this point that layer VI corticothalamic 
cells are commonly monosynaptically excited by thalamic 
afferents, while layer V corticocollicular neurons are generally 
indirectly activated by thalamic fibres. Many of the cortico-
cortical cells in layer IIIb are also innervated directly by 
ascending geniculocortical afferents. 
In terms of its afferent connectivity, layer IVb appears 
to be intermediate between laminae IIIb-IVa and lamina V. In 
Fi0. 15, one cell in layer IVb is shown as being disynaptically 
activated by incoming thalamic fibres. However, it is possible 
that some of the units thought to be in lamina IVb actually 
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have their somata in layer V since one cannot be certain, using 
extracellular recording techniques, that the electrode is 
necessarily positioned close to the cell body. In Chapter 3, 
it is shown that corticocollicular units (which have fast 
conducting axons and therefore presumably large cell somata) 
are occasionally recorded in laminae IV and VI even though 
anatomical evidence suggests that the projection to the superior 
colliculus arises solely from cells in lamina V. It would seem 
therefore that the responses recorded in layers other than 
lamina V must be of dendritic or axonic origin. On the other 
hand the smaller cells which project to the dLGN are never 
recorded outside lamina VI, the layer shown anatomically to 
project to this subcortical site. These results suggest that 
the larger the cell, the greater the possibility of recording 
at sites well away from the cell body. Since layer V pyramids 
are among the largest in area 18, it is quite possible that 
some of the group 2 units apparently located in layer IVb might 
in fact be in lamina V, the recording being made from the apical 
dendrites or recurrent axons, rather than from the cell somata 
themselves. Generally, however, the good correlation between 
the disposition of the electrophysiologically defined cell 
groups and the anatomical distribution of thalamic terminals 
suggests that recording distal to the cell body is rare and 
occurs only when the largest neurons in the cortex are involved. 
The initial steps in the processing of afferent information 
in area 18 can now be summarised. Cells in laminae IIIb, IVa, 
IVb and VI are driven monosynaptically by incoming geniculo-
cortical fibres. Some of these group 1 neurons in layers IIIb 
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and VI send axons out of the cortex, but the majority appear to 
pass their information onto second order cortical cells. 
group 2 neurons are commonly found in laminae III and V. 
These 
At 
this stage, some layer V cells project subcortically, however 
there are indications that many group 2 cells are involved in 
further intracortical processing within laminae II-IIIa, IIIa 
and perhaps also lamina VI. It should be stressed that the 
scheme described above is only concerned with the excitatory 
pathways within the parastriate cortex since the technique of 
extracellular recording does not allow an analysis of inhibitory 
mechanisms. Intracellular studies may well reveal that 
parastriate group 1 and group 2 cells receive disynaptic and 
trisynaptic inhibition respectively as described by Toyama, 
Matsunami, Ohno and Tokashiki (1974). 
Visual processing in area 18 
The model described in the previous section has been based 
on the experimental data obtained from electrical stimulation 
of the primary visual pathway. As well as determining their 
afferent connectivity, the receptive fields of many area 18 
cells were also characterised. It is therefore possible to 
relate the excitatory intracortical circuits shown in Fig. 15 
with the visual properties of parastriate neurons. 
Of the S cells tested by electrical stimulation, 84% could 
be activated from either the optic chiasm or optic radiation. 
Fifty-four cells were excited from both stimulating sites and 43 
of these cells had latencies suggestive of monosynaptic 
innervation by geniculocortical fibres. It is therefore apparent 
that S cells in area 18 are commonly first order neurons, 
receiving their input directly from primary afferents. 
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In comparison, 95% of all C cells recorded in the present 
study were driven from at least one of the two stimulating sites. 
Only 18% of these electrically excitable C cells had OX-OR 
latencies indicative of monosynaptic excitation by geniculo-
cortical fibres, while 62% had latencies consistent with 
indirect activation by primary afferents. It would seem then, 
that C cells are rarely first order neurons, but commonly 
receive their excitatory input from other cortical cells. 
Specifically, 19 of the 34 C cells excited from both stimulating 
sites had latencies which indicated that they were disynaptically 
activated by thalamic axons. Of the small number of parastriate 
B cells in the present sample, the majority appear to resemble 
C cells in their afferent connectivity. 
In Fig. 15, group 1 neurons are shown to predominate in 
laminae IIIb, IVa and VI, while group 2 neurons occur more 
commonly in layers II, upper III and V. The majority of these 
group 1 neurons are likely to be S cells whereas many group 2 
cells will probably have C type receptive fields. Consistent 
with this proposition, (which has been shown directly using 
both visual and electrical stimulation) S cells occur most 
frequently in laminae IIIb, IVa and VI, while C cells are 
commonly encountered in laminae IVb and V. 
Although most S cells are group 1 neurons, an occasional 
cell was encountered which was indirectly excited by thalamic 
axons. Such cells were always located in laminae which do not 
receive afferent fibres. In contrast, the relatively small 
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number of C cells with group 1 latencies were always found to be 
in a zone between laminae IIIb and IVb. This observation 
indicates that the laminar position of a cell is an important 
factor in determining its afferent connectivity. However, 
group 1 S cells were found in non-receiving layers, while C cells 
with group 2 latencies were sometimes located within the thalamic 
receiving zones . This suggests that although laminar position is 
of importance , there may be an overriding predisposition for 
S cells, wherever they are , to be directly excited, while C cells 
are generally indirectly activated by geniculocortical afferents. 
This result is of interest in light of the hierarchical 
model of visual processing first suggested by Hubel and Wiesel 
(1962, 1965 ) . From an examination of the receptive field 
properties and laminar distribution of visual cortical cells, 
Hubel and Wiesel proposed that simple cells in the striate 
cortex were first order neurons , receiving their input directly 
from geniculate fibres. Complex cells in area 17 and 18 were 
regarded as second order and their receptive fields were thought 
to be derived from the excitatory convergence of a small number 
of lower order simple cells . Finally, their scheme proposed 
that complex cells provided the input to the hypercomplex cells 
of areas 18 and 19. 
The present results indicate that many S cells in the 
parastriate cortex are first order (i.e. group 1) and that a 
significant number of C cells are second order (group 2) neurons. 
Although it is not possible to identify the cortical neurons 
which are afferent to parastriate C cells, the small number of 
group 1 C cells appears to be insufficient to account for all 
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of the input to C cells with qroup 2 and qroup 3 latencies. 
Since most monosynaptically driven cells in area 18 have S 
properties and since the number of group 2 S cells is small, it 
is possible that many of these group 1 S neurons are providing 
the input to higher order C cells. This suggestion is 
consistent with the hierarchical model of Hubel and Wiesel (1962, 
1965) ,although it should be stressed that they considered area 17 
and not area 18 simple cells (which they claimed did not exist) 
to be afferent to parastriate complex neurons. 
After a single shock of the optic radiation, S cells in 
area 18 generally respond only once whereas the majority of 
C cells fire repetitively. Unlike S cells therefore, C cells 
commonly receive multiple synaptic inputs (Tretter et al.~ 1975) 
and there is thus a high degree of excitatory convergence onto 
these neurons. This result might be expected if a number of 
S cells provide the input to a C cell. However, the above 
response properties of Sand C cells are also characteristic 
of group 2 Sand group 1 C cells, which suggests that the degree 
of excitatory convergence may be related to the receptive field 
type rather than to the position of the cell in the afferent 
processing chain. 
Although much of the analysis so far is consistent with a 
hierarchical scheme, there are a number of observations which 
suggest that the situation is more complicated. Firstly, there 
arc a few S cells with group 2 latencies and a small number of C 
cell5 which are monosynaptically excited by thalamic afferents. 
Furthermore, there arc no discernible differences in the receptive 
field properties of group 1 and group 2 S cells or group 1 and 
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group 2 C cells. These results are difficult to interpret in the 
context of a simple hierarchical model of visual processing. 
In addition, Hubel and Wiesel (1965)proposed that hyper-
complex or H cells were third order neurons. ·However, it is 
clear from the present work that many H cells (especially SH 
neurons) are directly driven by thalamic afferents. In terms of 
the afferent connections of H cells in area 18, SH cells resemble 
S cells in that the majority are monosynaptically innervated by 
fast conducting geniculocortical fibres. Most CH cells, on the 
other hand, are indirectly activated by large thalamic afferents 
and these cells therefore resemble C cells in their connectivity. 
The similarity in the afferent connections of S and S cells 
H 
and CH and C cells suggests that the cells which possess the H 
property should not be regarded as a unique or. separate cell type, 
but are a modification of already existing cell groups whose 
basic receptive field properties are predominently determined 
by their afferent excitatory connections. H cells in area 18 
may only differ from their parent cell groups in as much as they 
receive a greater preponderance of intracortical inhibitory 
synaptic inputs. However, end-zone inhibition could also 
reflect,in part, th e absence of afferent excitatory input 
resulting from inhibitory interactions at an earlier stage in 
the visual pathway such as that derived from the antagonistic 
effects of the surround and the suppressive field in dLGN 
neuron s (Levick, Cleland and Dubin, 1972; Dreher and Sanderson, 
1973). 
Irrespective of the mechamisms which produce end-zone 
inhibition, it would seem at least in area 18, that this 
receptive field property is not related to the position of 
the cell within the excitatory cortical processing chain. 
Interaction between areas 1? and 18 
46 
As well as proposing how afferent signals were elaborated 
within the stiate cortex, Hubel and Wiesel ( 1965) also used their 
heirarchical model to explain how visual information is trans-
ferred from one visual area to another. They believed that 
area 17 was unique in being the site of geniculocortical fibre 
termination and that areas 18 and 19 were serially related 
visual areas receiving their input via area 17. In support of 
this, Hubel and Wiesel ( 1962, 1965) presented evidence which 
showed that simple cells were most common in a~ea 17, complex 
cells in area 18, and hypercomplex cells in area 19. 
Since this early report, it is now widely agreed that much 
of the processing of visual information which occurs in the cat 
is not dependent on the functionul integrity of the striate 
cortex. As early as 1942, Talbot reported that the lateral 
visual area in the lateral gyrus responds independently of the 
more medial parts of the cortex. More recently, both Dreher 
and Cottee (1975) and Sherk (1978) have used single unit 
techniques to record from area 18 neurons before and after 
inactivation of area 17. The selectivity of parastriate cells 
for the orientation and direction of movement of a visual 
stimulus is not greatly altered by removal or cooling of area 17. 
There is a tendency for area 18 units to become less responsive 
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to slowly moving stimuli, however both reports conclude that 
area 18, to a large extent, processes afferent visual information 
in parallel to area 17. Anatomical studies, which have shown 
that area 18 of the cat receives a significant projection from 
the large cells of both the dLGN and MIN (see INTRODUCTION), 
provide the structural basis for the physiological findings 
described above. 
The present study has shown that a substantial number of 
area 18 neurons are driven either directly or indirectly by 
fast conducting geniculocortical fibres. Of the units tested 
with electrical stimulation, 71% were orthodromically driven 
from either the optic chiasm or the optic radiation. In the 
laminae which receive thalamic afferents, the proportion of 
electrically excitable units is as high as 83%. These results 
indicate that much of the visual input to area 18 is directly 
mediated by thalamic afferents. The present analysis thus 
supports the contention that area 18 processes visual information 
largely in parallel to area 17, yet at the same time provides 
evidence that within area 18, a heirarchical organisation similar 
to that proposed by Hubel and Wiesel (1962, 1965)may indeed exist. 
Al though areas 1 7 and -18 appear to function independently 
of each other, anatomical studies indicate some degree of 
interaction between the two areas. Hubel and Wiesel (1965), 
Wilson (1968) and Kawamura (1973) have shown,using degeneration 
techniques, that area 17 projects onto area 18. Wilson (1968) 
and Kawamura (1973) have also reported that area 18 sends axons 
into area 17. On the other hand, the HRP studies of Gilbert 
and Kelly (1975) while confirming the projection from the striate 
to the parastriate cortex, failed to find any evidence for an 
input to area 17 from area 18. If the two areas are indeed 
reciprocally connected, it would seem that each area is 
dependent, so some extent, on the activity of its neighbour. 
The experiments of Dreher and Cottee (1975) and Sherk (1978) 
do indicate some changes in the response properties of area 18 
neurons after ablation or cooling of area 17, but the effects 
are not large. 
The exact nature of the interaction between the two areas 
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has yet to be elucidated. Some inferences can be drawn however, 
from experiments which have studied the callosal connections 
in areas 17 and 18 of the cat (Chapter 5). Efferent callosal 
units are heterogeneous in their receptive field properties and 
are commonly found in the deeper parts of layer III. Cells 
receiving commissural fibres are commonly C or B cells, are 
often located in the superficial laminae and are usually 
indirectly excited by primary afferents. These results suggest 
that corticocortical interactions may be most common between 
l1igher order neurons in the upper reaches of the cortex (cf. 
Tretter c t al.~ 1975). In the present study, many neurons in 
layers II-IIIa and IIIa of area 18 were not excited by either 
visual or electrical stimulation. It is possible that these 
cells are more dependent on the input from other cortical 
regions and hence are less easy to characterise. In this context, 
however, it is worth pointing out that most of the parastriate 
cells in Sherk' s (1978) sample were recorded in layers II and 
III, yet were only marginally affected by inactivation of area 17. 
The functional roles of areas 17 and 18 
Although in general terms the intrinsic organization of 
areas 17 and 18 appears to be very similar (see below), 
significant differences are apparent which app~ar to be related 
to the type of afferent fibres innervating the two regions. 
Area 18 is predominently innervated by Y cells from the dLGN 
and MIN (see INTRODUCTION). In contrast, anatomical and 
49 
physiological evidence suggests that many of the geniculocortical 
fibres entering area 17 are smaller in diameter, more slowly 
conducting and are derived from medium-sized neurons within the 
dLGN whose receptive field properties are typical of X cells 
(Garey and Powell, 1971; Stone and Dreher, 1973; Gilbert and 
Kelly, 1975; Singer et al.~ 1975; Garey and Blakemore, 1977; 
Hollander and Vanegas, 1977; LeVay and Ferster, 1977). These 
papers also present evidence that some large Y-type dLGN neurons 
innervate the striate ·cortex. Physiologically, Singer et al. 
(1975) have reported that both simple and complex cells in area 17 
can be excited by either X or Y thalamic afferents, whereas Stone 
and Dreher (1973) have claimed that simple cells are driven by X 
and complex cells by Y fibres. The results presented in Chapter 1, 
to some extent, support both suggestions in that Sand C cells are 
occasionally excited by fast geniculate fibres whereas many S but 
no C cells are monosynaptically driven by slower conducting 
afferent fibres. 
Despite the evidence for a fast input to area 17, this 
projection appears to be small when compared with the X cell 
projection to this area (Chapter l; Garey and Blakemore, 1977; 
Hollander and Vanegas, 1977; LeVay and Ferster, 1977). Generally, 
therefore, it can be stated that area 17 is primarily innervated 
so 
by X and area 18 by Y thalamic afferents. This difference is 
reflected in the visual properties of cortical neurons in the 
two regions. Within any receptive field class, area 18 fields 
are always larger than their counterparts in are 17. In 
addition, cells in area 18 commonly responded to faster stimulus 
movements. Both of these differences are also apparent when the 
receptive field properties of X and Y cells are compared; cells 
with Y or brisk transient characteristics generally have larger 
receptive fields and respond to fast stimulus velocities (e.g. 
Hoffmann et al.~ 1972). 
It has been suggested that area 18, because of its heavy Y 
input, is mainly concerned with processing information about the 
motion of objects in space whereas area 17, which receives mostly 
X afferents, is primarily involved in high resolution tasks 
concerning the form and texture of visual stimuli (Tretter et al.~ 
1975; Orban, 1977). The suggestion is supported by the 
observation that there is a considerable expansion of the 
cortical representation of the area centralis in area 17, while 
area 18 in contrast, contains only a small area of cortex 
devoted to central processing. This separation of form and 
motion perception into separate parallel systems (i.e. areas 17 
and 18) has psychophysical correlates (e.g. Tolhurst, 1973) and 
at first sight the concept is an attractive one. 
However, the similarities in the intrinsic organization 
and efferent projections of the two areas suggest another 
possibility. That is, wi t hin each r e gion~ s cells are involved 
in the processing of form vision while C cells are primarily 
concerned with the temporal aspects of perception. 
51 
Considering the S cell, they are most frequently encountered 
in laminae IV and VI in both areas 17 and 18. These are the 
laminae in which thalamic afferents terminate and the results 
presented in this chapter clearly show that the majority of S 
cells in area 18 are innervated directly by incoming primary 
fibres. The data are less complete in area 17, but there are 
indications that S cells are commonly excited directly by 
thalamic afferents. In both areas, the proportion of S cells 
with monocular receptive fields is the highest of any cell type 
in the cortex. S cells in both striate and parastriate visual 
areas have the smallest receptive fields, the slowest optimal 
stimulus velocity, the sharpest orientation tuning and generally 
have no or only rare spontaneous activity. Lastly, the slow 
conducting efferent projection from lamina VI to the dLGN 
consists of S cells in both areas 17 and 18 (Chapter 3). 
C cells in areas 17 and 18 are most commonly located in 
and around lamina V. In area 18, the majority of C cells have 
group 2 latencies indicative of disynaptic activation by thalamic 
afferents. However, the data on area 17 is not detailed enough 
to allow comparison although there may be differences in the 
connectivity of striate C cells (Chapter l; Stone and Dreher, 
1973) . The majority of C cells in both visual areas have 
binocular receptive fields. In addition they tend to have the 
largest receptive fields, repond to relatively fast stimulus 
velocities, are broadly tuned for orientation and almost always 
have a relatively hiqh rate of spontaneous discharge. In terms 
of their afferent projections, layer V C cells in both the 
striate and parastriate cortex project to the superior colliculus 
(Chapter 3) . 
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Lastly, as in the striate cortex, all receptive field types 
in area 18 can possess the property of end-zone inhibition. In 
both areas, H cells are most commonly encountered in the 
superficial layers of the cortex. 
In many ways then, S cells in the striate and parastriate 
cortex appear to be more closely related to each other than S 
and C cells within either area 17 or area 18. Similarly, the 
receptive field properties and efferent proje~tions of C cells 
in the two visual areas are , for the most part, identical. Of 
particular interest in this context are the sub-cortical 
projections of the two areas. The cortical projection to the 
dLGN is thought to be concerned with the binocular fixation of 
visual stimuli (Schmielau and Singer, 1977; Harvey,1978; 
Chapter 3) whereas the projection to the superior colliculus 
is believed to be involved in attention and the control of eye 
movements directed towards a novel stimulus (cf. Chapter 3). 
If areas 17 and 18 are concerned solely with form and motion 
perception respectively, it might be expected that the striate 
cortex would be efferent to the dLGN while the parastriate 
cortex would project to the superior colliculus. This is not 
the case, S cells in both cortical regions send axons to the 
dLGN whereas C cells in the two areas project to the superior 
colliculus. 
Levick (1977) has suggested that the brisk transient system 
is involved in the binocular vision of objects close to the cat. 
This hypothesis is based on the nature of the crossed-uncrossed 
distribution of axons from brisk transient retinal ganglion 
cells. 
~she points out, stimuli moving closer to the animal 
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would have an increased angul a r size and greater angular velocity. 
The large receptive fields and responsiveness to fast movements 
characteristic of brisk transient units makes them ideally suited 
for encoding information about these objects. 
It is clear from the receptive field properties of striate 
and parastriate neurons that both form and motion can be 
recognised in the two regions. Cells in the striate cortex are 
best activated by relatively small, slowly moving targets while 
parastriate neurons respond to larger, fast moving stimuli. 
It is tempting to suggest that area 17 is concerned in · the 
. 
perception of objects distant from the animal whereas area 18 
is primarily concerned with the analysis of stimuli more proximal 
to the cat. If this is the case, it might be expected that 
binocular neurons in area 18 would have systematically greater 
crossed disparities than cells in area 17. This was not evident 
in the present study , but further work is necessary to check 
this possibility. 
C H A P T E R T H R E E 
THE PROJECTIONS OF AREAS 17 AND 18 TO THE THALAMUS . 
AND SUPERIOR COLLICULUS 
INTRODUCTION , 
The previous two chapters have described the initial steps 
by which afferent visual information is processed within areas 
17 and 18 of the cat cerebral cortex. We do not, as yet, possess 
a complete understanding of the intrinsic organisation of these 
occipital areas and it is therefore difficult to be certain about 
their role in visual perception per se. It is possible, however, 
to gain some insight into the functional importance of these 
visual areas by studying how their efferent projections interact 
with and influence the behaviour of subcortical structures. 
Anatomically, areas 17 and 18 of the cat have been shown to 
project retinotopically to a number of sites in the thalamus and 
midbrain. In terms of the thalamic projection, degeneration and 
autoradiographic studies indicate that both cortical areas send 
axons to the dorsal lateral geniculate nucleus (Garey, Jones and 
Powell, 1968; Hollander, 1970; Niimi, Kawamura and Ishimaru, 1971; 
Hollander, 1972; Kawamura, Sprague and Niimi, 1974; Updyke, 1975, 
1977), the perigeniculate nucleus (Kawamura et al., 1974; Updyke, 
1975, 1977), the lateral posterior nucleus (Garey et al., 1968; 
Niimi et al ., 1971; Graybiel, 1972; Kawamura et al., 1974; 
Updyke, 1977; Berson and Graybiel, 1978) and the ventral lateral 
geniculate nucleus (Niimi et al., 1971; Kawamura et al., 1974; 
Updyk ', 1977). A projection from both area~ to the medial 
interlaminar nucleus has also been described (Updyke, 1977), 
however Niimi et al . (1971) and Kawamura et al. (1974) found no 
evidence for a projection from area 17. Areas 17 and 18 arc 
also efferent to a number of rnidbrain structures. Both regions 
project to the superior colliculus (Garey et al., 1968; 
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Kawamura e t al., 1974; Updyke, 1977), the pretectum (Kawamura 
et al., 1974; Updyke, 1977) and the pontine nuclei (Garey et al., 
1968; Brodal, 1972a,b; Sanides, Fries and Albus, 1978). 
The lamina of origin of a number of these corticofugal 
projections from the cat striate and parastriate cortex has been 
studied using the retrograde transport of horseradish peroxidase 
( H RP) • Cells in lamina VI of both visual areas project to the 
dorsal lateral geniculate nucleus (Gilbert and Kelly, 1975; 
Tombol, Hajdu and Somogyi, 1975), while cells in lamina V send 
axons to the superior colliculus (Hollander, 1974; Gilbert and 
Kelly, 1975; Magalh~es-Castro, Saraiva and Magalh~es-Castro, 1975; 
Baleydier, 1977) and to the pontine nuclei (Albus and Donate-
Oliver, 1977). The majority of these subcortically projecting 
neurons in layers V and VI have pyramidal morphology. In the 
monkey, layer VB of area 17 also sends axons to the pulvinar 
complex (Lund, Lund, Hendrickson, Bunt and Fuchs, 1975). 
Unpublished observations in the cat (Lund, Henry, Macqueen and 
Harvey) suggest a similar disposition for cortical cells 
projecting to a region(perhaps the lateral posterior nucleus) 
medial to the dorsal lateral geniculate nucleus. 
By studying the response properties of single neurons in 
structures such as the superior colliculus (SC) and lateral 
geniculate nucleus (dLGN), before and after inactivation of the 
visual cortex, it - is possible to infer how the anatomically 
identified corticofugal systems influence the behaviour of these 
subcortical regions. For example, removal or cooling of the 
visual cortex has marked effects on the response properties of 
cells in the superficial laminae of the superior colliculus 
(Wickelgren and Sterling, 1969; Rizzolati, Tradardi and Camarda, 
1970; Rosenquist and Palmer, 1971; Mize and Murphy, 1976). 
These experiments show that the direction selectivity and 
binocular responsiveness of collicular neurons are largely 
dependent on their input from the visual cortex. The effects 
3 
of cortical inactivation on the visual properties of cells in the 
dLGN are, however, more subtle (Kalil and Chase, 1971; Schmielau 
and Singer , 1977). From their results, Schmielau and Singer 
(1 977) have suggested that' corticogeniculat e fibres are involved 
in the control of binocular interactions in the dLGN, the result 
being an improvement in the contrast between objects in, as 
opposed to away from, the fixation plane (cf. Singer, 1977). 
The experiments described above therefore provide important 
clues concerning the nature of the interaction between the visual 
cortex and subcortical regions such as the dLGN and SC. If the 
influences ascribed to the corticofugal systems are correct, then 
the receptive field properties of cortical cells which project 
to these subcortical areas should contain the necessary visual 
information required to carry out their respective functional 
tasks. ~ number of physiological studies have described the 
receptive field properties of neurons in areas 17 and 18 which 
send axons to the thalamus and midbrain. The projection to the 
superior colliculus has been examined in area 17 (Palmer and 
Rosenquist, 1974; Singer, Tretter and Cynader, 1975) and in area 
18 (Tr etter , Cynader and Singer, 1975). Other reports have 
studied the receptive field properties of corticothalamic neurons 
in the striate (Singer e t al . ., 1975; Gilbert, 1977; Harve y, 1978) 
and parastriate (Tretter e t al . ., 1975) cortex. 
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The present work further examines and compares the receptive 
field properties of corticothalamic and corticocollicular cells in 
the striate and parastriate cortex of the cat. With regard to the 
projection to the SC, the results are in general agreement with 
those of Palmer and Rosenquist (1974), Singer et al. (1975) and 
Tretter et al . {1975). A possible subdivision in the lamina VI 
projection to the dLGN and perigeniculate nucleus is discussed 
and the receptive fields of these cells are compared with those 
which appear to send axons to other thalamic areas. In addition, 
the primary afferent input to striate and parastriate cortico-
collicular and corticothalamic neurons is also examined. The 
analysis of the receptive field properties of corticofugal 
neurons is discussed with regard to the functional significance 
of the various subcortical projections. 
METHODS 
The general experimental techniques employed in the present 
study have been described in Chapter 1. 
5 
In a large number of cats, stimulating electrodes were 
placed in the optic radiation (OR) in order to study the afferent 
connectivity of cortical neurons (Chapters 1 and 2). A number of 
cells in both areas 17 and 18 were antidromically activated from 
the OR stimulating electrodes. These neurons are amongst those 
described in the first part of the results section. 
In order to study the efferent projections of the striate 
and parastriate cortex in more detail, stimulating electrodes 
were also placed in or close to the dLGN and in the superior 
colliculus (21 cats). Four electrodes were placed in the 
ipsilateral SC; two electrodes were positioned at about AP+ 1.5, 
lateral 1.0 and 3.5 mm and two were placed at AP+ 4, lateral 
1.0 and 3.5 mm. The system was arranged such that current could 
be passed between both posterior or anterior pairs as well as 
between the posterio-lateral and anterio-medial pair of stimulating 
electrodes. In a number of animals, the SC electrodes were used 
in the recording mode and the background activity was monitored 
as the electrodes were lowered towards the colliculus. The 
depth of the electrodes was altered until the best visually 
evoked responses were obtained. Subsequent histological 
examination revealed that the stimulating electrodes were always 
in the superior colliculu~ usually at a depth of a millimetre 
or so from the tectal surface. 
1 Antidromic 2 Orthodromic 
R 
T T 
A \ A \ 
B \ B ~ \ 
C C 
Fig. 1. Antidromic and orthodromic activation of a neuron. 
R, recording electrode; S, stimulating electrode. Open arrow, 
orthodromic action potential generated in cell body; filled 
arrow, impulse evoked by electrical stimulation. A-C: open 
arrows, as above; filled arrows, stimulus artifact. 
explanation - see text. 
For further 
Four stimulating electrodes were also placed in the optic 
radiation. One pair was positioned at approximately AP+ 5.5 
to+ 6.0, lateral 8 and 10 mm, at a depth of about 10 mm. The 
other pair was placed at AP+ 6.5, lateral 9 and 11, at a depth 
of about 12.5 mm. The depth of both pairs was adjusted to 
6 
maximise the evoked cortical response to OR electrical stimulation. 
The position of the stimulating electrodes was subsequently 
verified histologically. The anterior, deep pair were positioned 
just above or more commonly, just within the dLGN. In addition 
to the above arrays, a pair of stimulating electrodes was also 
placed in the optic chiasm (cf. Chapters 1 and 2) in order to 
examine the afferent connectivity of corticothalamic and 
corticocollicular neurons. The responses of cortical cells to 
electrical stimulation at all of the subcortical sites was 
photographed from the oscilloscope using a GRASS C4-K camera. 
The criteria used to distinguish antidromic from orthodromic 
activation were based on those of Bishop, Burke and Davis (1962). 
The main test used was that of impulse collision. Figure 1 shows 
the general features of antidromic and orthodromic activation of 
cortical neurons. In the case where the cell's own axon is being 
stimulated (Part 1 of Fig. 1: antidromic activation), an action 
potential (closed arrow) resulting fron stimulation at Swill 
not be recorded at the cell body (R) if it is generated at the 
same time, or just after an action potential is initiated in the 
cell body itself (open arrow). This action potential, travelling 
orthodromically, will collide with the electrically evoked impulse 
somewhere between Rand Sand because of refractoriness in the 
nerve, neither spike will proceed beyond the collision point. 
Only if the orthodromic spike has passed the stimulating site 
will a spike be initiated at S which can be recorded at R. The 
experimental way collision is tested is shown in lA to lC. The 
electrical stimulus (black arrow) is triggered by a spontaneous 
spike or visually evoked spike (open arrow). If the latency of 
the presumed antidromic action potential is T, then collision 
will occur when the electrical stimulation is triggered within 
T'msec after the orthodromic spike is generated (part C). T' 
represents the antidromic latency (T) plus a fraction of a 
millisecond related to the refractoriness of the nerve. In B 
of part 1, the electrically evoked action potential is elicited 
at a delay greater than T' and the response to electrical 
stimulation is recorded in the cell body since the orthodromic 
spike has passed the site of stimulation. 
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Collision can never occur in the situation shown in Part 2 
of Fig. 1, since the spontaneously evoked spike travels along 
a nerve different from the one being stimulated. Thus when a 
cell is orthodromically excited, the delay between the orthodromic 
spike and electrical stimulation can be extremely short (C of 
part 2) and yet the electrically evoked action potential is still 
recorded at the cell body. 
Other tests were used to confirm that antidromic activation 
was or was not occurring. These included fractionation of the 
waveform at high stimulus frequencies (cf. Bishop et al., 1962) 
and the fixed latency of response of antidromically evoked spikes. 
Orthodromic action potentials do not normally follow high 
frequencies and often have considerable variability in their 
latencies. These two features are primarily due to the 
interposition of a synapse between the stimulating and recording 
sites. 
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As in all experiments, electrolytic lesions were placed at 
various intervals along the recording penetrations. In many 
cases, these lesions were made at the point at which a 
corticocollicular or corticothalamic neuron was isolated (Fig. 7). 
All electrode tracks were subsequently reconstructed from 40µ 
Nissl-stained sections. The laminar pattern of areas 17 and 18 
was determined using the criteria described in Chapters 1 and 2. 
The recognition of the 17/18 border zone is discussed further in 
Chapter 5. 
In order to check the anatomical disposition of cortico-
collicular and corticogeniculate neurons. in areas 17 and 18, 
two adult cats were injected with horseradish peroxidase (HRP), 
one in the SC and one in the dLGN. Micropipettes were pulled 
on an electrode puller and the tip broken back to a diameter 
of approximately SOµm. Injection was achieved · under rressure 
applied through a hyporl0rmic syringe linkerl to the pipette 
with fine polythene tubing. A small volume of air separated 
the injection fluid from a column of water in the tubing and 
syringe. In both cats, the IIRP was the isoenzymc C extracted 
by Dr. n.. IT ashke in the labora tories of the Department of 
Anaesth esiology in tl1e University of Washington, Seattle. 
injection delivered about llJL of 10% IIRP. After 24 hours 
survival, the animals were anaesthetised with Nembutal and 
perfused through the heart with lite fix (neutral buffered 
Each 
paraformaldehyde). After perfusion, the blocks of brain were 
allowed to fix for several hours and then placed to sink in 30% 
sucrose solution in 0.1 m phosphate buffer. 
thick were washed in 0.1 m phosphate buffer, 
Frozen sections 40µ 
incubated with 
diaminobcnzadine (D.A.B.) mixture for 15 minutes, mounted on 
subbed slides and lightly counter stained with cresyl violet. 
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RESULTS 
HORSERADISH PEROXIDASE STUDIES 
After a bilateral injection of HRP into the superior 
colliculus, labelled cells were found in areas 17 and 18 of both 
hemispheres. Neurons filled with HRP were restricted to lamina V 
and all appeared to have pyramidal morphology. Examples of 
labelled cells in lamina V of the parastriate cortex are shown 
in the dark field micrographs (Fig. 2). In areas of heavy 
labelling, all of the large and many of the small layer V 
pyramidal neurons were filled with HRP. 
Figure 3 shows the labelling in areas 17 and 18 after an 
injection of HRP into the dLGN. Small and medium sized pyramids 
in layer VI of both areas are filled after such an injection. 
In regions of cortex where the labelling is heaviest, about half 
of . the lamina VI cells contain HRP granules (cf. Gilbert and 
Ke 11 y, 19 7 5) . 
The anatomical studies thus confirm previous reports 
(Gilbert and Kelly, 1975) and show a clear difference in the 
laminar disposition of corticotectal and corticogeniculate 
neurons. 
NEURONS ANTIDROMICALLY ACTIVATED FROM 
THE OPTIC RADIATION 
A maJor problem with the technique of electric stimulation 
is the difficulty in determining exactly what pathways are 
being stimulated. This is especially true for corticofugal 
projections to the thalamus and midbrain in that many descending 
axons pass close to the dLGN before going on to their ultimate 
Fig. 2. Dark field photomicrographs of pyramidal cells in 
lamina V of area 18 labelled with horseradish peroxidase after 
an injection into the superior colliculus. 

Fig. 3. Dark field photomicrographs of pyramidal cells . in 
lamina VI labelled with horseradish peroxidase after an 
injection into the dorsal lateral geniculate nucleus. A, 
area 18; B, area 17. 
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destination (Garey et al., 1968) . Thus antidromic activation 
produced by electrical stimulation of the dLGN (for example) 
is , in itself , not sufficient to identify cells efferent to 
this nucleus . Attempts to define the exact destination of 
subcortically projecting neurons are discussed at length later 
in this chapter. In this first section however, discussion is 
confined to an analysis of the general properties of all cells 
in area 17 and 18 which were antidromically activated by 
stimulation of the optic r adiation. 
Efferent neurons were encountered in 35 cats. In 14 of 
these animals , only one pair of OR stimulating electrodes was 
present (placed at AP+ 6 , lateral 8 and 10 mm, depth 10 to 
10.5 mm) and in the other 21 cats, electrodes were also placed 
in the dLGN and superior colliculus (cf. METHODS). 
Rec eptive fi e ld prop erti e s 
Of the 787 cells isolated in areas 17 and 18, 110 (14%) 
were antidromically activated from the OR stimulating electrodes. 
Fifty-seven of these corticofugal neurons were in area 17, 42 in 
area 18 and 11 were found to be located within the 17/18 border 
zone (Chapter 5). The receptive fields were plotted for 91 of 
the 110 efferent cortical neurons. Cells were classed according 
to their responses to both moving and stationary stimuli 
( cf . Chapters land 2) and the terminology used in this study 
is derived from Henry (1977). Thirty-six of the antidromically 
driven n e urons belonged to the S family and 55 had C type 
receptive fields. One of the S cells and 8 of the C cells 
posses s ed the prop e rty of end-zone inhibition and were thus 
classed a s SH and CH respectively. 
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Fig. 5. Ocular dominance distribution of cells antidromically 
activated from the optic radiation. Dominance groups 1 and 7 
represent neurons driven solclv by the contrulateral and 
ipsilatcral eyes respectively. Cells excited equally from both 
eyes have an ocular dominance of 4 (cf. Hubel and Wiesel, 1962). 
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Antidro mi c lat enci e s 
The antidromic OR latencies for the 110 cells are shown in 
Fig. 4. The latencies shown in this figure are those obtained 
after stimulation of the posterior OR electrodes. It is clear 
that neurons in the C family (C and CH cells) generally have much 
faster conducting subcortical axons than S cells. The mean OR 
latency for cells in the C family is 1.1 msec (range 0.5 to 2.8 
msec) and for S cells is 6. 8 msec (range O. 7 to 29. 0 msec). The 
difference in the conduction velocity of efferent C and S cells 
holds for both areas 17 and 18. Thus the mean antidromic 
latencies for striate and parastriate cells in the C family is 
1.0 and 1.1 msec respectively, compared with mean latencies of 
6.3 and 7.8 msec for S cells in areas 17 and 18. 
Ocular dominanc e 
Figure 5 shows the ocular dominance distribution of the 
corticofugal cells in the present sample. It was not possible 
to assess the ocular dominance of five C cells and three S cells. 
Efferent cells with C type receptive fields in both ar e as 17 and 
18 are generally driven well from e ach eye, whereas s triate and 
parastriate S cells are commonly monocular or only we a k ly 
binocular. Considering the overall ocular dominance distribution 
of cells in the C and S families, 52% of S cells were monocularly 
discharged compared with only 2% for C and CH cells. 
Lam i na r Distr ibution 
The laminar distribution of corticofugal S, SH, C and CH 
cells is presented in Fig. 6. The lamina IVa-IVb subdivision 
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Fig. 6 . Laminar distribution of cells antidromically activated 
from the optic radiation. 
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of the parastriate cortex (Chapter 2) is not shown here. Again 
note the similarities between areas 17 and 18 in the disposition 
of efferent cells in the Sand C families. Corticofugal striate 
and parastriatc S cells are almost entirely restricted to 
lamina VI whereas C and CH neurons in areas 17 and 18 have a 
more widespread distribution and are found throughout the deeper 
layers. 
The results described in this section have been presented 
in order to show the general properties and laminar distribution 
of cells in areas 17 and 18 antidromically activated from the OR. 
Distinct differences in the binocularity, antidromic latencies 
and laminar distribution of efferent Sand C cells in both the 
striate and parastriate cortex are apparent. In the next section, 
differences in the site of projection of these groups are 
described and a more detailed analysis of their visual properties 
is presented. 
THE CORTICAL PROJECTION TO THE SUPERIOR 
COLLICULUS AND THALAMUS 
The data discussed in this section are taken from 19 of the 
21 cats in which stimulating electrodes were placed in the OR, 
SC and in or close to the dLGN. In these 19 animals, efferent 
cells could be antidromically activated at reasonably low 
thresholds from both SC and dLGN. Two cats in which there was 
no collicular activation have not been included in this analysis. 
Seventy-nine cells were antidromically activated from the 
subcortical stimulating electrodes. Thirty - four of these units 
were driven from the SC of which 32 were also activated from 
the OR. The observation that many corticocollicular units are 
driven from th e OR is consist e n t with the anatomical 
observation that these fibres pass close to the dLGN on their 
way to the tectum (Garey et al ., 1968). The r e maining 45 
corticofugal cells were activated after stimulation of the OR 
but could not be excited from the colliculus. Twenty-four of 
these neurons were excited from both OR stimulating sites, 7 
were driven only from the anterior pair and 14 were activated 
exclusively from the posterior electrodes. In other words, 31 
of the corticofugal cells not stimulated from the SC were 
antidromically driven from the stimulating electrodes placed 
just above or more typically just within the dLGN. 
As mentioned earlier, the majority of corticotectal fibres 
are also activated from the optic radiation and care must be 
taken to distinguish between stimulation of axon terminals and 
activation of fibres of passage. It is possible for example, 
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that some of the cells activated from the anterior OR electrodes 
but not from the SC are, in fact, projecting to the pons (Garey 
ct al ., 1968; Brodal, 1972, a,b; Sanidcs et al ., 1978), rather 
than the thalamus. Since layer V projects to the pontine nuclei 
and the thalamic regions medial to the dLGN, whereas layer VI 
sends axons to the dLGN (see INTRODUCTION), important indications 
as to the site of projection of antidromically activated cells 
can be obtained by studying the distribution of these cells 
within the various cortical lamina e . 
Laminar distribution of cell s activated 
from SC or OR 
Many antidromically activated cells were marked with 
electrolytic lesions. Some examples of these are presented in 
Fig. 7. Photomicrographs of electrode penetrations in the lateral 
gyrus of the cat. Arrows show the location of efferent cells 
marked with electrolytic lesions. All arrows denote the position 
of corticothalamic neurons with the exception of the bottom 
lesion in C which shows the location of a corticocollicular cell. 
A-D, penetrations in the medial bank (area 17); E, penetration in 
the lateral bank (mostly area 18). 
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Fig. 8. Schematic representation of the left lateral gyrus 
showing the laminar disposition of corticofugal cells. A, 
cells antidromically activated from the superior colliculus; 
B, cells antidromically activated from the optic radiation. 
Area within dotted lines represents 17/18 border zone. Filled 
circl e s , C and CH cells; open circles, S cells; closed triangles, 
unclassified cells. 
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with efferent axons 
VI 
in each 
cortical lamina . Data pooled from areas 17 and 18 . Filled 
blocks , cells antidromically activated from the superior 
colliculus ; open blocks , cells antidromically activated from the 
optic radiation . 
Fig. 7; micrographs A to D show electrode penetrations in the 
medial bank of the lateral gyrus (area 17) and Fig. 7E shows 
a track in the lateral bank of the lateral gyrus (area 18). 
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The histological location of the 79 cells antidromically 
activated from SC and/or OR is summarised in Fig. 8A and B. In 
this figure, the positions of all of these corticofugal units are 
shown in a schematic representation of the left lateral gyrus. 
The majority of corticotectal cells are found in lamina V of both 
the striate and parastriate cortex, while cells driven only from 
the OR stimulating electrodes are located almost entirely within 
lamina VI. 
In total, 283 cells were recorded between laminae IV and VI 
in the 19 cats in which SC electrodes were in position. For 
each lamina, the proportion of neurons antidromically activated 
from SC or OR was then calculated and expressed as a percentage 
of the total number of cells encountered in that layer. The 
results are shown in Fig. 9; data from both area 17 and area 18 
have been pooled. It is clear that corticotectal neurons are 
encountered most often at the IV/V border and in layer V, whereas 
cells antidromically activated exclusively from the OR stimulating 
electrodes are commonly found at the V/VI border and in lamina VI. 
These reults should be compared with HRP studies (Gilbert and 
Kelly, 1975; Figs. 2 and 3, this chapter) which indicate that 
layer V pyramidal cells project to the SC while layer VI neurons 
are efferent to the dLGN. Sinc e the najority of cells 
antidromically driven from the electrodes within the dLGN were 
in layer VI , it is reasonable to conclude that their axons are 
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Fig . 10 . Antid r omic l atencies of corticocollicular and cortico -
tha l amic neurons obta i ned after elect r ical stimulation of the 
optic radiation . A , ce ll s also activated from the superior 
colliculus ; B , cells activated only from the optic radiation. 
Filled blocks , cells in the C family ; dotted blocks , S cells ; 
open b l ocks , unc l assi f ied cells . 
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mostly corticogeniculate and are not passing on to other 
subcortical areas. 
Of the 4 cells in lamina V activated from OR but not SC, 3 
were driven by the anterior OR electrodes. It is possible that 
the cell bodies of these cells were in layer VI since there is 
evidence (see DISCUSSION) that the recording electrode sometimes 
records from parts of the neuron distal to the soma. However 
if these cells are in fact in lamina V, the observation that they 
are activated by the anterior electrodes suggests that they are 
probably efferent to one of the other thalamic nuclei (e.g. the 
lateral posterior nucleus). In summary, therefore, the evidence 
indicates that the corticofugal fibres not activated from the SC 
are projecting to the thalamus. The validity of this proposition 
will be considered further in the DISCUSSION, but for brevity, 
cells activated from OR but not SC will be described as 
corticothalamic in the remainder of this analysis. 
Antidromic latenci e s of c orticocollicular 
and corticothalamic cells 
The antidromic OR latencies for the corticocollicular and 
presumed corticothalamic neurons in the striate and parastriate 
cortex are shown in Fig. 10. Most of the latencies shown are 
those obtained after stimulation of the posterior OR electrode 
It is clear that cells in the C family whether they are 
projecting to the tectum or to the thalamus, generally have 
faster conducting axons than corticothalamic S cells (cf. Fig. 4). 
The relatively small number of more slowly conducting C cells 
are all efferent to the SC. 
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Fig . 11 . Antidromic activation of C cell in lamina V of area 17. 
A : e l ect rical stimulation of OR, collision of antidromic spike. 
B : e lectrical stimulation of SC, collision of antidromic spike. 
Filled arrow, orthodromic spike; open arrow, antidromic spike; 
fillea circle, stimulus artifact. 
B, 2 msec. 
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Fig . 13. Antidromic activation of an S cell in lamina VI of 
area 17 produced by electrical stimulation of dLGN. A: 
colli sion of antidromic spike with an orthodromic spike visually 
evoked prior to the electrical stimulation. Five superimposed 
trials per trace. Filled arrow, orthodromic spike; open arrow, 
antidromic spike; filled circle , stimulus artifact. B: d, fixed 
latency of response; e, fractionation (small arrow) of antidromic 
waveform at high rates of stimulation; d, 10 Hz; e, 100 Hz. 
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activated from both pairs of optic radiation stimulating 
electrodes. OR1 , posterior pair; OR 2 , anterior pair 
positioned just above, or more usually just within the dLGN. 
Dashed line, expected latencies if both pairs are in the same 
position; solid line, regression line through experimental 
points. 
17 
The mean SC latency for the 34 corticocollicular neurons 
was 2.6 mscc with a range of 1.2 to 7.8 msec. The mean SC 
latencies of corticotectal striate and parastriate cells 
were 2.4 and 3.1 msec respectively. An example of a C cell 
in lamina V of area 17 antidromically activated from OR 
and SC is presented in Fig.11. The latencies to OR and SC 
stimulation were 1.5 and 2.4 msec respectively. The latencies 
to OR and SC stimulation for the 32 corticocollicular neurons 
excited from both sites are presented in Fig. 12. The 
correlation in the OR and SC antidromic latencies suggests that 
the conduction velocity of corticotectal axons remains constant 
along the path from the cortex to the SC. The OR-SC latency 
differences vary from 0.6 to 5.4 msec which, given that the 
distance from the OR to the SC stimulating electrodes is about 
12 to 15 mm, indicates that the conduction velocity of 
corticotectal fibres ranges from about 2 to 20 m/sec. The 
majority of axons from corticocollicular neurons are fast 
conducting and therefore of large diameter and most of the 
information being transmitted from the cortex reaches the 
colliculus in less than 3 msec. 
Figure 13 shows antidromic activation of a lamina VIS 
cell in area 17 produced by electrical stimulation of the dLGN. 
The long latency (5.0 msec) is characteristic of corticofugal 
S cells. As described earlier, two pairs of stimulating 
electrodes were placed in the optic radiations, one in the OR 
itself and one just above or more usually just in the dLGN. Figure 
14 shows the antidromic latencies for corticothalamic neurons 
stimulated from both sites. OR 1 refers to the posterior and 
OR 2 to the anterior pairs. The dashed line represents what 
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would be expected if the two pairs were in the same position and 
the solid line is the regression line through the experimental 
points. It can be seen that the long er absolute antidromic 
latenci es are correlated with greater differences between OR
1 
and OR 2 . This result is important in that it has been suggested 
(e.g. Guillery, 1967) that the fine axons in the dLGN which 
degenerate after cortical lesions may be collaterals of the 
coarser corticofugal fibres. However the increase in the OR 1 -oR 2 
difference for long latency corticothalamic axons (all of which 
originate from cells in layer VI) indicates that these fibres 
conduct slowly all the way from the cortex to the thalamus and 
are entirely independent of the fast corticofugal system. 
observation is supported by the fact that fast and slow 
This 
corticothalamic neurons tend to have different receptive field 
properties, S cells having more slowly conducting axons than C 
cells (Fig. 10). One S cell, not shown in Fig. 14, had OR1 and 
OR 2 latencies of 23.0 and 29.0 msec respectively. This latency 
difference, when considered along with the absolute OR 1 
antidromic latency, suggests that the conduction velocity of this 
S cell's axon was only about 0.5 m/sec. 
Recept iv e fi e ld pro perties of corticocollicular 
and corticothalamic neurons 
Corticocollicular n e urons 
Of the 34 corticotectal neurons identified in the striate 
and parastriate cortex, 29 could be classed according to their 
responses to visual stimuli . All of the classified units, in 
both areas 17 and 18, belonged to the C family. Nineteen of 
these cells were in area 17, 9 in area 18 and 3 were located 
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within the 17/18 border zone. Most of the classified 
corticotectal neurons had receptive fields within 5° of the 
area centralis. 
Palmer and Rosenquist (1974) have reported that corticotectal 
units lack any clear summation along the line of optimal 
orientation and respond very well to small moving spots. In the 
present study, qualitative testing revealed that although many 
corticocollicular cells were similar to those described by 
Palmer and Rosenquist , a significant number did not respond to 
small stimuli but were optimally excited by long 0 (5 or more) 
edges or bars. 
stimulus length . 
These cells thus showed summation with increasing 
In addition, 4 of the efferent C cells had 
clear end-zone inhibitory regions and were thus classed as CH. 
The relative proportions of the various types of corticocollicular 
C cells are shown in Table 1. 
In total, 22 corticotectal C cells were tested with stimuli 
or various lengths; 10 resembled the Palmer and Rosenquist (1974) 
cell, 4 were c 8 and 8 preferred elongated stimuli. All cortico-
tectal cells were broadly tuned for stimulus orientation and 
had a relatively high spontaneous discharge. The majority 
respond ed to both slow and fast stimulus movements, although 
efferent C cells in area 18 generally responded more reliably 
to very fast movements. 
Six corticotectal neurons responded equally well to 
optimally oriented stimuli moved in either direction . The 
remaind er (23: 79%) showed various degrees of directional 
specificity. Seventeen of these units were completely or almost 
completely direction selective in that movement in the non-
TABLE 1 
Corticocollicular neurons 
A R E A 
17 17/18 18 
Palmer and Rosenquist type 7 0 3 
Responsive to long edges 4 2 2 
C End stopped (CH) 2 0 2 
Not tested 4 1 2 
Not classified 4 0 1 
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preferred direction evoked no or only minimal response. Of the 
10 C cells which showed little or no length summation, 9 were 
highly selective for the direction of stimulus movement. In 
contrast, of the 8 C cells which responded optimally to long 
edges , 4 showed no direction specificity and 2 were only weakly 
selective . These results suggest that there is a correlation 
between the degree of length summation and the amount of direction 
selectivity in corticotectal neurons. Furthermore, the mean 
antidromic SC latency for Palmer and Rosenquist type C cells was 
shorter (2.8 msec) than for C cells which responded best to 
e l ongated stimuli (mean 3.6 msec). 
The ocular dominance of corticocollicular cells is shown in 
Fig. l5B . It was not possible to accurately assess the ocular 
dominance of 5 corticotectal neurons, but all had binocular 
receptive fields. In total therefore, 28 of the 29 visually 
characterised corticocollicular units in areas 17 and 18 were 
binocularly discharged by visual stimulation. The majority 
of these binocular cells were driven about equally by the two 
eyes ( Fig. l5B). This result is very much in agreement with thilt 
of Palmer and Rosenquist (1974). 
In general the receptive fields of striate and parastriate 
corticocollicular C cells are very similar. The major difference 
is the size of the receptive fields; the mean area of the 
receptive fields of area 17 corticotectal neurons was 6.6 square 
degrees compared with 11.7 square degrees for parastriate cells. 
Since most of the receptive fields in the present sample were 
located within s 0 of the area centralis, this difference is 
not related to the eccentricity of striate and parastriate neurons. 
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Fig. 15. Ocular dominance distribution of corticotectal and 
cor icot.hulumic cells. A, cells antidromically activated only 
from the optic radiation; B, cells antidromically activated 
from the superior colliculus. 
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The receptive fields of corticotectal cells in both visual areas 
are generally larger than the fields of other cells at 
corresponding eccentricities. 
Corticothalamic neurons 
The receptive fields of 38 of the 45 corticothalamic neurons 
were analysed . Twenty-five of these cells were located in area 
17 , 11 in area 18 and 2 within the 17/18 border zone. The 
relative proportions of the various corticothalamic receptive 
field types found in each cortical area are shown in Table 2. 
( 1 ) S ce lls 
S cells were the most frequently encountered corticothalamic 
neuron in both areas 17 and 18, comprising 66% and 46% of all 
thalamic efferent cells in the striate and parastriate cortex 
respectively. Efferent S cells in both areas generally had no 
or only low spontaneous activity, were sharply tuned for stimulus 
orientation and responded best to slow stimulus movements 
(although parastriate S cells usually preferred slightly faster 
velocities). With regard to these properties, corticothalamic S 
cells are therefore similar to other non-efferent S cells 
( cf . Chapter 1, Chapter 2). Further, the receptive fields of 
subcortically projecting S cells appeared to be about the same 
size as the rest of the S population. 
One important differ e nce in the visual prop e rti e s of efferent 
and non-efferent S cells is the degree of direction selectivity in 
the two groups. In the striate cortex, 18 of the 19 cortico-
thalamic S cells were completely or almost comp letely selective · 
for th e direction of mo v e ment of an optimally oriented stimulus. 
TABLE 2 
Corticothalamic neurons 
A R E A 
17 17/18 18 
s 19 0 6 
Palmer and Rosenquist type 3 1 1 
C Responsive to long edges l 1 l 
Not tested 2 0 3 
Not classified 4 1 2 
In total, 42 S cells in lamina e V/VI and VI showed marked 
directional specificity, hence 43% of these units (18/42) were 
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antidromically activated from the optic radiation. In contrast, 
only one of the 8 (12 %) layer VI S cells which exhibited no or 
only weak directional specificity had a corticothalamic axon. 
The pattern is very similar in area 18. All 6 cortico-
thalamic neurons from this area were highly selective for the 
direction of movement of an optimally oriented stimulus. Of 
the 12 S cells in laminae V/VI and VI which were completely or 
almost completely direction selective 6 (50%) were antidromically 
activated, whereas none of the four weakly direction S€lective 
neurons in these layers had efferent axons. 
The ocular dominance distribution of corticothalamic striate 
and parastriate S cells is shown in Fig. 15A. Out of the 22 cells 
for which ocular dominance could be satisfactorily determined, 
12 (55%) had monocular receptive fields. This distribution is 
almost identical in areas 17 and 18; 54% of striate cortico-
thalamic S cells were monocular compared with 60% of parastriate 
neurons. There is a slight tendency for cells driven by the 
ipsilateral eye (ocular dominance group 7) to have cortico-
thalamic axons more often than other dominance groups. In area 
17 at least, this may be related to the fact that S cells with 
receptive fields in the ipsilateral eye are most common in layer 
I (Chapter 1). However, within lamina VI itself, there is no 
clear indication that striate S cells in ocular dominance 
groups 6 and 7 give rise to corticothalamic axons more often 
than cells driven by the contralateral eye. In area 17, 43% of 
all la yer IS cells in ocular dominance groups 1 and 2 were 
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antidromically activated compared with 44% of S cells in groups 
6 and 7. 
(2) C cells 
Thirteen C cells were antidromically activated from the 
stimulating electrodes in the optic radiation but were not 
driven from the SC (Table 2). Five of these cells resembled 
the Palmer and Rosenquist cell and three others fired 
optimally to elongated stimuli. Like corticocollicular cells, 
the presumed corticothalamic C cells commonly had high 
spontaneous activity, were broadly tuned for orientation and 
continued to respond at high stimulus velocities. Nine of 
the 13 C cells were completely or almost completely direction 
selective. 
The ocular dominance distribution of these C cells is 
shown in Fig. 15A. All were binocular and their distribution 
is very similar to that of corticocollicular C cells (Fig. l5B). 
The binocularity of corticothalamic C cells is in marked contrast 
to the high degree of monocularity exhibited by efferent S cells. 
The relative proportions of efferent 
Sand C cells 
Evidence presented earlier indicates that about 30% of the 
cells in lamina V project to the tectum and that 34% of lamina 
VI neurons are efferent to the thalamus (Fig. 9). These 
proportions were determined by comparing the number of cortico-
fugal cellswith the total number of units isolated in a given 
lamina. It is of interest to know how many cells in a given 
r e c eptive field class give rise to corticofugal axons. 
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Figure 16 shows the relative proportions of cells in the 
Sand C families, encountered in the deeper laminae, which send 
axons to the superior colliculus or to the thalamus. The data 
are pooled from both the striate and parastriate cortex. Fifty 
percent of all C cells recorded at the V/VI border and in 
lamina VI were antidromically activated from the OR stimulating 
electrodes. In comparison, 58% of the C and CH cells found at 
the IV/V border and in lamina V itself were efferent to the 
superior colliculus. If the two projections are considered 
together, then about 70% of all C and CH cells encountered in 
laminae V and VI have subcortically projecting axons. This 
remarkably high figure is likely to be a lower limit since 
there are probably C cells projecting to other subcortical 
regions which were not stimulated by the SC and OR electrodes. 
Note that although anatomical evidence suggests that cortico-
tectal cells are restricted to layer V, a significant proportion 
of C cells in layers IV and VI were antidromically driven from 
the SC. 
S cells driven from the OR and dLGN electrodes are found 
exclusively below lamina V . Of the total number of S cells 
recorded in layer VI, 45% sent axons out of the cortex. 
A comparison of the distribution and relative proportions 
of subcortically projecting neurons in areas 17 and 18 reveals 
striking similarities. Corticothalamic S cells comprise 43% 
and 55% of all lamina VIS cells recorded in the striate and 
parastriate cortex respectively. The distribution of cortico-
tectal C and CH cells in the two cortical regions is also very 
similar; 58% of all cells in the C family in laminae IV/V and V 
of the striate cortex have corticocollicular axons compared 
with 50% of C and CH cells in the parastriate cortex. 
Cells not respons&Ve to visual stimuli 
25 
A number of cells encountered in laminae IV to VI in area 17 
and area 18 could not be placed in any of the receptive field 
groups. These cells fall into two categories; those that are 
very difficult to drive with visual stimuli (ND: not driven) and 
those that are responsive but have receptive field properties 
intermediate between Sand C (NC: not classified). The numbers 
of each group recorded in layers IV to VI are shown in Table 3. 
As described earlier, about 70% of C cells in lamina V and 
VI and 45% of S cells in lamina VI give rise to efferent fibres. 
In contrast, of the 42 ND cells recorded in these layers 
(including the IV/V border) only 8 (19%) were antidromically 
activated from the SC and/or OR. None of these visually non-
drivable efferent cells were found in lamina IV of either 
cortical area and very few were orthodromically excited from 
the chiasm or radiation. 
ND cells usually have no or very low spontaneous activity 
and by definition, fire only rarely when tested with visual 
stimuli. Many of these units were examined for half an hour 
or more but no stimulus was found which would elicit a consistent 
response. The correlation between visually and electrically 
non-drivable cells in area 18 has been described in Chapter 2 
and the observation that only a few ND cells have efferent axons 
raises the possibility that they are interneurons. 
TABLE 3 
The number of not driven and not classified cells 
in the deeper layers of the striate cortex 
A R E A 
17 18 
Lamina IV IV/V V V/VI VI IV IV/V V V/VI VI 
Not driven 12 2 8 7 14 12 2 3 0 6 
Not classified 4 1 1 1 3 1 1 0 0 0 
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Fig . 17 . Latencies of corticofugal cells orthodromically 
excited from the optic radiation (OR ) . Filled blocks , cells 
in the C family ; dotted blocks , cells in the S family; open 
blocks , unclassified cells . 
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THE AFFERENT INPUT TO CORTICOFUGAL NEURONS 
The data pr ese nt e d in this section are taken from all the 
cats (35) in which optic radiation electrodes were in position. 
Of the 110 units antidromically activated from the optic 
radiation, 51 were also orthodromically driven by these stimulating 
electrodes. The minimum orthodromic OR latencies for cortico-
fugal neurons in areas 17 and 18 are shown in Fig. 17. S cells 
in both regions are excited at shorter latencies than C cells. 
Considering the total population of corticofugal cells in each 
area, 28% (16/57) of striate neurons were orthodromically 
activated compared with 71% (30/42) of cells in area 18. More 
specifically, 26% of striate Sand 38% of striate C cells were 
orthodromically driven while in contrast 73% and 87% of Sand C 
cells in area 18 were orthodromically excited from OR. The 
observation that efferent neurons in area 17 are less commonly 
driven than cells in area 18 is to be expected if striate cells 
are predominantly driven by X and parastriate by Y thalamic 
afferents (cf. Chapters 1 and 2). 
The orthodromic latencies of S cells in area 17 (Fig. 17A) 
range from 1.6 to 2.2 msec. One of these efferent cells was also 
driven from the optic chiasm (OX) and the OX-OR difference was 
1.8 msec which is indicative of a relatively slow (perhaps X) 
input to this neuron. The OR latencies of striate C cells on 
the other hand, ranged from 2.5 to 7.0 msec. These neurons are 
likely to b e indirectly driven by thalamic afferents. Two of 
these n e urons both had OX and OR latencies of 2.4 and 3.5 msec 
respectively which is suggestive of an indirect input by fast 
thalamic fibres (cf. Chapter 2). Many of the C c e lls in ar e a 17 
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could not be excited by chiasmal stimulation h e nce is was not 
possible to identify the type of thalamocortical fibre afferent 
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to these cells. The lack of OX activation does suggest, however, 
that some corticofugal neurons may not be excited by fast 
conducting (Y-type) axons. 
As described in Chapter 2, the afferent input to parastriate 
neurons is easier to study since many neurons in this area can 
be driven from both OX and OR. Figure 18 shows the orthodromic 
OX and OR latencies of the corticofugal cells in area 18 for 
which electrical stimulation from both sites was effective. In 
Chapter 2, parastriate neurons were divided into three groups 
according to their OX and OR orthodromic latencies and the two 
major subdivisions (groups 1 and 2) are shown in Fig. 18. It 
is clear that all of the corticothalamic S cells stimulated from 
both OX and OR are monosynaptically driven by fast thalamic 
afferents, while C cells with efferent axons are commonly 
indirectly excited. Twelve of these C cells have OX and OR 
latencies indicative of disynaptic activation by fast (Y-type) 
thalamic afferents. Four of the C cells in this group were 
antidromically activated from the SC. 
The data presented in Fig. 18 indicates that lamina VI 
corticothalamic S cells in area 18 are monosynaptically driven 
by fast thalamocortical axons. C cells on the other hand, 
whether they project to the colliculus or the thalamus, are 
indirectly (most disynaptically) activated by incoming thalamic 
afferents. If, as suggested in Chapter 2, the intrinsic 
organi zation of areas 17 and 18 is very similar , it is highly 
probable that the same neural connectivity also holds for striate 
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corticofugal cells (Fig. 17A), with the proviso that many of 
these neurons may be activated (directly or indirectly) by more 
slowly conducting thalamocortical fibres. 
DISCUSSION 
Corticocoiiicuiar ceiis 
In both the striate and parastriate cortex, all cortico-
collicular cells for which receptive fields can be plotted 
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belong to the C family. These cells generally have a relatively 
high spontaneous discharge, are broadly tuned for stimulus 
orientation and respond to a wide range of stimulus velocities. 
Ninety-six percent of corticotectal neurons have binocular 
receptive fields and the majority are driven almost equally by 
the two eyes . The receptive fields of corticocollicular cells 
are relatively large when compared with the fields of other cells 
at corresponding eccentricities. Striate and parastriate cells 
which project to the SC are therefore very similar in their 
visual properties although some differences are apparent; area 18 
corticotectal neurons have larger receptive fields than those 
in area 17 and also tend to respond to higher stimulus velocities. 
Collicular receptive fields increase in size in the deeper parts 
of the colliculus (Straschill and Hoffmann, 1969; Rosenquist 
and Palmer , 1971; Gordon, 1973) Whether this is related to the 
observation shown anatomically (Kawamura e t ai.~ 1974; Updyke, 
1977 ) and physiologically (Mcilwain, 1977) that the corticotectal 
projection from area 18 projects slightly deeper than that from 
area 17 is not clear. 
These results are substantially in agre e me nt with pr e viou s 
reports (Palmer and Rosenquist, 1974; Sing e r et a i.~ 1975; 
Tretter e t ai.~ 1975). However, Palmer and Rosenquist (1974) 
have reported that nearly all striate corticotectal cell s do 
not show any summation with increasing stimulus length and 
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respond very well to small moving spots. In contrast, the 
present study has indicated that a number of corticocollicular 
C cells in both area 17 and 18 only respond well and consistently 
when longer stimuli are moved across the receptive field (Table 1). 
Many Palmer and Rosenquist type C cells are also found to project 
to the tectum, as are few CH neurons. Although the majority of 
corticotectal neurons are direction selective, different types 
of C cell show different degrees of selectivity; cells responding 
to small spots are almost completely selective for the direction 
of movement, whereas cells which respond best to longer stimuli 
commonly show no or only weak selectivity. Kato, Bishop and 
Orban (1978) have shown that many striate C cells which, on 
first sight, resemble the Palmer and Rosenquist type of cell 
are in fact hypercomplex. Interestingly, their quantitative 
analysis indicates that many of these hypercomplex cells 
(hypercomplex II) are very direction selective whereas complex 
cells (equivalent to the C cells which respond best to long 
stimuli in this study) generally show no or only a little 
selectivity. The correspondence between the data of Kato et al. 
(1978) and the present results is immediately apparent, but since 
electrical stimulation was not attempted in their study it is 
not known what proportion of their complex and hypercomplex II 
cells have efferent axons. The two types of corticocollicular 
C cell also closely resemble the Type II and Type III complex 
cells of Sillito (1977a). 
The majority of corticocollicular neurons give rise to fast 
conducting fibres and most of the information from the cortex 
reaches the colliculus in less than 3 msec (Fig. 12). The 
31 
mean SC latency for the 34 corticocollicular neurons is 2.6 msec 
which is very similar to the mean of 2.3 msec reported by both 
Palmer and Rosenquist {1974) and Toyama, Matsunami, Ohno and 
Tokashiki {1974) and of 2. 8 msec reported by Hayashi (1969). 
The mean antidromic latencies of striate and parastriate 
corticocollicular cells are 2.4 and 3.1 msec respectively. This 
result is opposite to what one might expect from the study of 
Mcilwain {1977) who found that the orthodromic latencies of 
tectal neurons after stimulation of area 18 were shorter than 
after area 17 activation. 
Hoffmann {1973) has suggested that corticocollicular cells 
are monosynaptically driven by Y afferents from the dLGN. The 
results of the present analysis provide no support for this 
proposition {Figs. 17 and 18). In area 18 the data indicate 
that the majority of corticotectal cells are indirectly (most 
disynaptically) excited by fast conducting (Y) thalamocortical 
fibres. This result is substantially in agreement with that 
of Tretter et al. (19?5). In area 17, no corticocollicular 
cells have orthodromic OR latencies less than 2.5 msec. These 
latencies are too long to be consistent with direct activation 
by Y geniculate cells (Chapter 2). Some striate cells efferent 
to the colliculus appear to be indirectly driven by fast fibres, 
however the majority are not activated from OX (in contrast to 
area 18) and this suggests that they may he innervated by more 
slowly conducting axons. In contrast, Singer e t al. (1975) have 
reported that the striate corticotectal projection is mainly 
under the control of the Y system. However they do support 
the observation that the majority of these efferent cells are 
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arc indirectly excited by thalamic afferents . 
HRP studies described . in the present study (Fig. 2) and 
carried out by other workers (Hollander, 1974; Gilbert and Kelly, 
1975; Magalhaes-Castro et al.~ 1975; Baleydier, 1977) indicate 
that corticocollicular neurons are restricted to lamina V of 
both the striate and parastriate cortex. Consistent with this 
observation, the majority of antidromically activated cortico-
tectal cells are located at the IV/V border and in lamina V 
(Fig. 9). However, occasional corticocollicular cells are found 
in more superficial and deeper layers. Figure 16 shows that 
38.5% and 20.0% of all cells in the C family in layers IV and VI 
respectively are efferent to the colliculus. Since the somata 
of corticotectal neurons are in layer V, this result suggests 
that on a number of occasions the microelectrode was recording 
from parts of the neuron distal to the cell body. HRP studies 
show that the large pyramids in layer V are always labelled 
after an SC injection. Further, the short antidromic latencies 
of corticotcctal neurons suggest that their axons and presumably 
their cell bodies arc large. Since the smaller, long latency 
corticothalamic cells arc never encountered outside layer VI 
(see below), it would appear that recording at a site away from 
the soma only occurs when the larger cells in the cortex arc 
involved. Both the apical dendrites and axons of these layer V 
pyramidal cells are large and it is not clear which of these 
structures is the site of this 'extra-somal' recording. The 
observation that 40% of all the C cells ostensibly recorded in 
lamina IV are in fact in lamina Vindicates that the proportion 
of genuine layer IV C cells is much lower than it appears 
(Chapter 1, Chapter 2). Similarly, the number of C cells in 
layer V itself is likely to be higher than previous estimates 
have indicated. 
Corticothalamic cells 
It has already been pointed out that one of the major 
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difficulties of electrical stimulation . lS in determining whether 
axon terminals or fibres of passage are being activated. 
Evidence has been presented which indicates that t he cor ticofuga l 
fibres excited from the OR electrodes but not activated from the 
SC are projecting to the thalamus and are not passing on to 
other subcortical sites. This conclusion is based primarily on 
the observation that the majority of these efferent cells are 
found in layer VI, the lamina of origin of the corticogeniculate 
pathway. It is now necessary to consider this proposition in 
more detail. 
Efferent S c e lls 
Considering the efferent S cell population, the observation 
that all of these cells are located in laminae V/VI and VI and 
are commonly activated from the anterior OR stimulating electrodes 
placed near or more usually just within the dLGN clearly suggests 
that these corticofugal cells are projecting to the geniculate 
complex. Further, the observation that the axons of efferent 
S cells are slowly conducting and therefore of small diameter is 
consistent with anatomical evidence that the corticogeniculate 
projection contains many fine fibres (Guillery, 1967; Niimi 
et al .~ 1971; Kawamura et al .~ 1974). Guillery (1967) has 
suggested that the fine degenerating axons seen in the dLGN 
after cortical lesions may be collaterals of coarser fibres. 
However, the data in Fig. 14 clearly shows that the small 
corticogeniculate fibres conduct slowly along their entire 
length and are independent of the fast corticofugal system. 
Corroborative evidence that S cells are efferent to the 
dLGN comes from studies which have examined the responses of 
geniculate neurons after electrical stimulation of the visual 
cortex. Cleland, Levick, Morstyn and Wagner (1976) and Dubin 
and Cleland (1977) report that some cells recorded within the 
main laminae of the dLGN and in the perigeniculate nucleus (a 
layer of cells which lies just above lamina A of the dLGN) are 
activated transsynaptically after cortical stimulation~ Both 
types of cell have been identified as interneurons by Dubin 
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and Cleland (1977). The orthodromic latencies of perigeniculate 
interneurons are characteristically faster than those of cells 
recorded within the dLGN (intrageniculate interneurons). Adding 
togeth e r the data of Cleland et al. (1976) and Dubin and Cleland 
(1977), perigeniculate interneurons have orthodromic latencies 
between 0.9 and 3.0 msec while intrageniculate interneurons are 
activated at latencies which range from 3.0 to 9.0 msec. In 
comparison, the antidromic latencies of corticofugal S cells 
range from 1.5 to 29.0 msec. Given that the transmission delay 
across a synapse is about 0.8 msec (Chapter 2), then only 20 % 
of efferent S cells have axons which conduct fast enough to 
account for the orthodromic latencies of perigeniculate neurons. 
Indeed, all of the 19 orthodromically activated perigeniculate 
neurons described by Dubin and Cleland (1977) had latencies less 
than 1.9 msec. Only one, at most, of the S c e lls in the present 
study could possibly be efferent to these interneurons. On the 
other hand, the correlation b e tween the orthodromic latencies of 
intrageniculate interneurons and the antidromic latencies of 
layer VI Scells strongly suggests that these cortical cells 
provide much of the input to the neurons within the dLGN. 
Efferent C c e lls 
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A number of efferent C cells with fast conducting axons are 
antidromically excited from the OR and/or dLGN stimulating 
electrodes but are not driven from the SC. The majority of 
these neurons are located in lamina VI and may also be efferent 
to the geniculate. However, it should be stressed that unlike 
S cells, the laminar position of corticofugal C cells does not 
give an unambiguous indication as to the destination of their 
axons; long latency S cells activated from the dLGN stimulating 
electrodes are all found at the V/VI border and in layer VI 
itself whereas fast conducting corticocollicular C cells are 
not necessarily restricted to layer V (see above). As suggested 
earlier therefore,· it would seem that the larger the cell, the 
greater the likelihood of recording from a site distal to the 
cell body. Since corticothalamic C cells are also fast 
conducting, it is possible that some of these lamina VI neurons 
may in reality have their cell bodies in layer V. Similarly, 
the few efferent C cells in layer V which apparently do not 
project to the colliculus may be in layer VI. Considerations 
such as these make it difficult to use the laminar position of 
efferent C cells as a guide to assessing the destination of 
their axons. 
However, the probability of recording at a point distant 
from the soma is likely to be very similar in fast conducting C 
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cells which do or do not project to the tectum. Since the effect 
of this 'extra-somal' recording is likely to blur rather than 
substantially alter the laminar distribution of a given efferent 
class, the difference in the proportions of corticocollicular and 
corticothalamic neurons in the various laminae is still 
significant (Fig. 16). Clearly, cells driven from the colliculus 
are most common iri lamina V whereas other efferent C cells are 
concentrated in lamina VI. 
If these layer VIC cells are indeed efferent to the 
geniculate, where do they project? The antidromic latencies 
of layer VIC cells not efferent to the tectum range from 0.5 
to 1.5 msec. These latencies appear to be too short to account 
for the input to intrageniculate interneurons (see above) unless 
one postulates the existence of complicated polysynaptic circuits, 
or suggests that recruitment of a number of fast conducting 
fibres are necessary to produce a suprathreshold excitatory 
postsynaptic potential. Since the intrageniculate interneurons 
appear to be involved in precise, spatially organised inhibition 
(see below), such a diffuse innervation by large £ield C cells 
seems unlikely. Rather, from the similarity in the orthodromic 
latencies of perigeniculate interneurons and the antidromic 
latencies of layer VIC cells, it is quite possible that many 
of these fast conducting corticofugal cells innervate the 
perigeniculate nucleus. That the visual cortex projects to the 
perigeniculate nucleus has been shown in a number of anatomical 
studies (Kawamura et al.~ 1974; 
the studies of Guillery (1967) 
Updyke, 1975, 1977). Furthermore, 
suggest that degenerating fibres 
found just above lamina A are coarser than those within the dLGN 
itself (see for example his Fig. 3, p. 203). The lamina of 
origin of cortico-perigeniculate fibres is not known, but it 
is quite likely to be layer VI; HRP injections into the dLGN 
must sometimes spread into this nucleus, yet labelled cells 
outside lamina VI are never or only rarely encountered. 
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Dubin and Cleland (1977) provide evidence that perigeniculate 
interneurons are excited by axon collaterals of brisk transient 
relay cells and suggest that orthodromic activation of these 
interneurons after visual cortex stimulation is mediated by 
these collateral fibres. However, corticofugal fibres terminating 
iri this nucleus would undoubtedly be activated by the stimulating 
electrodes adjacent or within the dLGN employed in the present 
study. An alternative or additional input to perigeniculate 
interneurons is therefore suggested by the present results. 
The small number of corticofugal C cells in laminae IV/V 
and V which do not project to the tectum (it should be pointed 
out that lack of collicular activation does not necessarily mean 
the cell is not efferent to this region) may be displaced layer 
VI cells or may be projecting to thalamic regions other than the 
dLGN and the perigeniculate nucleus. It is possible for example, 
that they are efferent to the lateral posterior nucleus (Lund, 
Henry, Macqueen and Harvey, in preparation). If one assumes that 
at least some of the corticothalamic cells are in layer V, it is 
perhaps surprising that the projection to the nuclei medial to 
the dLGN is so sparse. It may be that many lamina V cortico-
collicular cells branch and send axon collaterals to these thalami c 
regions (cf. Guillery, 1967). Albus and Donate-Oliver (1977) 
have reported that C cells in layer V also project to the pons. 
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However, it is unlikely that the layer V C cells described in 
the present study project to this region since all of these cells 
had receptive fields within 5° of the area centralis and Albus 
and Donate-Oliver (1977) have shown that corticopontine cells 
are only detected in peripheral parts of the visual field 
representation. 
As yet , it is not clear what lamina is involved in the 
cortical projection to the medial interlaminar nucleus (MIN) 
and ventral lateral geniculate nucleus. Using the arguments 
applied earlier to the perigeniculate proj~ctions, it is quite 
likely that the projection to MIN, at least, originates from 
cells in layer VI. Niimi et al. (1971) and Kawamura et al. 
(1974) have reported that area 18, but not area 17, sends fibres 
to MIN. Furthermore, Kawamura et al. (1974) and Updyke (1975) 
indicate that area 18 projects heavily onto lamina C of the 
dLGN whereas area 17 projects more uniformly to all layers. 
Since lamina C and MIN send many afferents to area 18 (Hollander 
and Vanegas, 1977; Levay and Ferster, 1977) it is possible that 
the parastriate cortex may be involved in a specific recurrent 
pathway which is distinct from the area 17 system. 
In summary, there appear to be at least three corticothalamic 
pathways. It is suggested that lamina VIS and C cells provide 
much of the input to intrageniculate and perigeniculate neurons 
respectively, while C cells in lamina V are efferent to nuclei 
medial to the dLGN such as the lateral posterior nucleus. 
The concept of mor e than one efferent system to the dLGN 
receives support from a number of studies. Singer et al . (1975) 
and Tretter et al. (1975) have reported that both simple and 
complex cells in the striate and parastriate cortex project 
to the dLGN. Further, Singer et al. (1975) note that complex 
cells tend to have faster conducting subcortical axons than 
other cell types. Their mean antidromic dLGN latencies for 
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complex cells was 1.2 msec compared to 2.7 msec for simple cells. 
These results are therefore similar to those described in the 
present analysis. Compared to Singer et al. (1975) however, the 
mean antidromic latency of striate S cells is longer (6.3 msec) 
and the proportion of corticogeniculate S cells is higher. 
Gilbert (1977) has also shown that simple and complex cells 
are efferent to the dLGN. He reports that 80% of cortico-
geniculate neurons in layer VI of area 17 have complex receptive 
fields. In contrast, the present study indicates that 73% of 
all layer VI corticothalamic neurons are S cells. This 
discrepancy could be due both to difference in receptive field 
classification and to sampling bias resulting from the use of 
different microelectrodes. As described in Chapter 1, a number 
of Gilbert's standard complex cells may in fact be simple cells 
which might account for some of the discrepancy described above. 
In addition however, the antidromic latencies found by Gilbert 
(1977) ranged from 1.1 to 3.2 msec, whereas 63% of the cells in 
the present study had latencies longer than 3.2 msec. Thus, 
irrespective of how the units were classified, over half of the 
corticogeniculate cells in the present study appear to be 
unrepresented in Gilbert's sample. All of these long latency 
units were classed as S cells and it has already been suggested 
that their soma are small. It is therefore possible that the 
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frequency with which these small cells are encountered may vary 
with the type of ~icroelectrode (cf. Harvey, 1978). It should 
also be pointed out that Gilbert did not have stimulating 
electrodes in the SC. Since the majority of corticotectal cells 
are also stimulated from the OR and since these cells are 
occasionally found in layer VI (Fig. 9, Fig. 16) it is possible 
that some of Gilbert's efferent complex cells are projecting to 
the SC rather than the dLGN. 
With regard to the afferent connections of corticothalamic 
neurons, the orthodromic OX and OR latencies of corticogeniculate 
S · cells in area 18 indicate that most of these neurons are 
monosynaptically excited by fast thalamic afferents. In contrast, 
corticothalamic C cells in area 18 are commonly indirectly 
activated by these thalamocortical fibres. The present results 
are therefore similar to those of Tretter et al . (1975). The 
data are less clear in area 17 since it was not possible to 
elicit consistent OR or OX activation in striate cells. However, 
all of the striate corticofugal S cells which were driven from OR 
had latencies less than 2.0 msec. These cells are likely to be 
directly innervated by thalamic afferents. One cell had OX-OR 
latencies indicative of a relatively slowly conducting input, 
however, the general lack of OX excitation makes it impossible 
to be certain about the type of fibre innervating most cortico-
geniculate S cells in area 17. In this regard, Singer et al. 
(1975) have suggested that corticothalamic cells may be either 
X or Y driven although it is not clear from their data what 
proportion of efferent simple and complex cells receive X and Y 
axons respectively. From the present results, corticothalamic 
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C cells in area 17 have longer OR latencies and as with C cells 
projecting to the colliculus, it is unlikely that they are 
monosynaptically excited by thalamic fibres. Contrary to area 
18, where activation from OX was common, the lack of OX 
stimulation in the majority of striate corticofugal cells 
suggests that they may be innervated by more slowly conducting 
geniculate afferents. 
Functional considerations 
Corticocollicular projection 
The majority of cells recorded in the superficial layers of 
the superior colliculus are binocular, direction selective, 
responsive to moving rather than stationary stimuli and have 
inhibitory regions surrounding the excitatory discharge area 
(Mcilwain and Buser, 1968; Sterling and Wickelgren, 1969; 
Rosenquist and Palmer, 1971; Mize and Murphy, 1976). Although 
there is some disagreement as to what extent the responses of 
collicular neurons are altered after lesions in the visual 
cortex, most reports indicate that after removal of the cortex, 
collicular cells become less direction selective and less 
binocular, more neurons being driven by the contralateral eye 
(Wick elgren and Sterling, 1969; Rizzolatti et al., 1970; 
Rosenquist and Palmer, 1971; Mize and Murphy, 1976). Rizzolatti 
et al . (1970) and Mize and Murphy (1976) also suggest that this 
effect is more pronounced in the superficial as opposed to the 
deeper layers of the SC. The degree of alteration in the response 
properties of collicular cells appears to depend on what visual 
cortical areas arc removed. Both Rosenquist and Palmer (1971) 
and Mize and Murphy (1976) show that destruction of area 17 alone 
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is sufficient to cause the effects described above. Further, 
large cortical lesions which spare area 17 have no effect on 
the responses of neurons in the SC (Rosenquist and Palmer, 1971) 
and these authors conclude that the direction selectivity and 
binocularity displayed by collicular cells is dependent solely 
on the integrity of the striate cortex. The influence of more 
lateral visual areas is therefore unresolved. That they are 
afferent to tectal neurons has been shown physiologically by 
Mcilwain (1977), who reports that many individual collicular 
cells receive convergent excitatory inputs from retinotopically 
related regions in areas 17, 18 and 19. 
How significant are the cortically dependent response 
properties of collicular neurons in terms of the functional 
importance of the SC as a whole? Although the role of the 
superior colliculus . lS still the subject of much speculation, 
the t ctum doc~ app nr to be involved in certain aspects of 
visual attention and perception and in the control of head and 
eye movements . Evidence that the colliculus is concerned with 
these behaviours comes from a number of studies. Electrical 
stimulation of the colliculus produces conjugate and contraversive 
eye saccades as well as head movements (Syka and Radil-Weiss, 
1971; Straschill and Rieger, 1973; Rouco.ux and Crommelinck, 
1976; Stein, Goldberg and Clamann, 1976). Further, Norton (1974) 
has shown that the development of Lwo visually guided behaviours 
in kittens is correlated with the maturation of SC receptive 
field properties . The two behaviours are the orienting of the 
animal to a stimulus presented in the visual field and the 
following of a stimulus moved through the field. Finally, after 
unilateral collicular lesions, cats neglect stimuli presented 
in the contralateral visual field and suffer motor deficits in 
eye , head and body movements (Sprague and Meikle, 1965). 
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However, despite the observation that some of the response 
properties of collicular neurons are dependent on an input from 
area 17, removal of areas 17 and 18 does not alter the visuomotor 
behaviour of cats (Sprague, Levy, DiBerardino and Berlucchi, 1977). 
Eye and head movements as well as fixation appear normal. On 
the other hand, destruction of all visual areas except areas 17 
and 18 has much more obvious effects. Animals cannot follow 
moving stimuli for more than a short distance, their depth 
judgement is poor and their behavioural responses to visual 
stimuli are generally slow. 
The role of the corticocollicular projection from areas 17 
and 18 is thus something of a mystery. The present results 
indicate that the cells afferent to the colliculus arc C cells 
in both the striate (cf. Palmer and Rosenquist, 1974) and 
parastriate cortex. Corticocollicular cells are almost always 
binocular and many are direction selective, the major difference 
between area 17 and 18 neurons being the size of the receptive 
fields. In general, the receptive fields of corticotectal 
neurons arc large and the cells arc responsive to a large range 
of stimulus velocities. Thus whatever the exact role of the 
corticocollicular system, the information transmitted from the 
cortex appears to be related to the movement and general 
location of a visual stimulus rather than to fine details about 
the form and texture of the object. Further, the fact that 
corticocollicular cells are invariably fast conducting suggests, 
perhaps, that the system is involved in dynamic rather than 
static visual behaviours. 
It may be that the behavioural tests used to examine the 
effects of occipital lesions (Sprague et al . ., 1977) are not 
sensitive enough to recognise deficits resulting from the loss 
of these areas. It is also possible that the cells in the 
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superficial layers of the SC which are apparently most influenced 
by areas 17 and 18 are not themselves directly involved in the 
control of eye movements and visual orienting but are concerned 
with some other behavioural task. 
shown to occur in the tree shrew. 
Such a situation has been 
Animals with lesions 
restricted to the superficial layers (which receive the cortical 
input) suffer deficiencies in form discrimination but are normal 
in their visually guided behaviour, whereas animals with large 
collicular lesions also show distinct deficiencies in their 
ability to orient towards or track a visuai stimulus (Casagrande, 
Harting, Ilall, Diamond and Martin, 1972; Casagrande and Diamond, 
1974). These reports relate the above observations to the fact 
that the superficial layers of the SC project to the visual 
th.::1.lamus while deeper layers arc efferent to non-visual thalamic 
regions and to the brain stem motor area. 
A similar distribution of efferent projections within the 
SC has recently been described in the cat (Graham, 1977). The 
superficial layers project to nuclei in the pretectum and thalamus 
that are specifically involved in visual processing, while 
deeper layers project to nuclei in the reticular formation, to 
some prcccrcbcllar nuclei, to the spinal cord and to several 
non-vif"ut1.l ~rcas in the thalamus and midbrain. l\lthough 
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behavoural studies similar to those in the tree shrew (see 
above) have not been reported, physiological investigations 
reveal that receptive fields of cells in the superficial layers 
of the cat SC arc small and exclusively visual whereas cells 
deeper in the colliculus have more diffuse visual receptive 
fields and respond to topographically related auditory and 
somatosensory stimuli as well (Gordon, 1973; Stein, Maghalhaes-
Castro and Kruger, 1976). Stein ct al . (1976) suggest that 
visual, somatic, and acoustic cells "converge on a common 
delivery or distribution system, which is located in the 
intermediate-deeper SC strata and organizes orienting and 
following responses on the basis of multimodality cues". In 
other words, the apparent absence of behavioural changes in 
cats with lesions in areas 17 and 18 (Sprague et al., 1977) may 
arise because the functional integrity of the deeper collicular 
layers largely remains unaffected (Rizzolatti et al., 1970; 
Mize and Murphy, 1976). These regions arc apparently intimately 
concerned with attention and motor functions and so gross 
behavioural responses will appear normal. The loss of direction 
selectivity and binocularity in superficial SC neurons after 
cortical lesions is likely to manifest itself in more subtle 
ways which have yet to be recognised. 
Cor lico l ha lam{c pr1oj cc t ion 
It has been suggested that there may be at least three 
subgroups within the population of corticothalamic cells. 
Layer V C cells project to thalamic nuclei medial to the dLGN 
(th e same cells may also send axons to the tectum), layer VI 
C cells project to the perigeniculate nucleus and layer VIS 
cells provide the cortical input to the intrageniculate inter-
neurons of the dLGN. These pathways have been derived from 
(1) the lamina of origin of corticofugal cells (2) the 
observation that the mtijority of cells not activated from the 
SC are excited by dLGN stimulation and (3) a comparison of the 
antidromic latencies of corticothalamic cells with the 
orthodromic latencies of perigeniculate and intrageniculate 
interneurons. 
The two types of interneuron described by Dubin and 
Cleland (1977) differ markedly in their visual responses and 
in their connectivity. Intrageniculate interneurons, found 
within the main laminae of the dLGN are very similar to relay 
cells in that they have concentrically organised receptive 
fields and receive their maJor excitatory input from a few 
retinal afferents of the brisk or sluggish, sustained or 
transient type. The major difference between these neurons 
and relay cells is that they do not project to the visual 
cortex but arc activated transynaptically at relatively long 
latency after cortical stimulation. The other type of .inter-
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neuron, encountered in the perigeniculate has a large receptive 
field, is generally binocularly innervated, gives ON/OFF 
responses throughout its receptive field and responds well to 
fast velocities. Perigeniculate cells are activated at short 
latencies after stimulation of the visual cortex. There is 
some uncertainty whether this excitation is of cortical origin 
or arises from activation of recurrent collaterals of relay 
cells within the dLGN. However, as described earlier, a neural 
substrate does exist for feedback from cortex since the 
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perigeniculate receives a projection from area 17 and area 18 
(Kawamura et al . ., 1974; Updyke, 1977). A recent review (Singer, 
1977) has summarised the various types of inhibitory interactions 
encountered in the dLGN. From an analysis of the physiological 
properties of the two types of interneuron, it has been suggested 
that intrageniculate interneurons are involved in precise, 
retinotopically organised inhibitory pathways and that the 
perigeniculate interneurons are concerned with more global, 
diffuse inhibitory interactions which non-specifically modulate 
the excitability of dLGN neurons (Dubin and Cleland, 1977; 
Singer, 1977). 
The proposal that Sand C cells project to intrageniculate 
and perigeniculate interneurons respectively is especially 
significant when considered in the light of the suggestions 
discussed above. Corticothalamic C cells are generally binocular, 
have large receptive fields and respond to a wide range of 
stimulus velocities. These neurons are therefore likely to be 
concerned with the movement and general location of a visual 
stimulus rather than in specific details about its form and 
spatial position. Furthermore, impulses initiated in cortico-
thalamic C cells reach the thalamus in less than 2 msec. This 
fast C cell system is just the sort of pathway one might expect 
to be afferent to a diffuse non-sp eci fic inhibitory system 
which is involved in the global modulation of geniculate 
alertness and arousal. 
S cells on the other hand, especially in area 17, have small 
receptive fields, are almost always direction selective and 
commonly respond optimally to more slowly moving stimuli. S cells 
arc her fore v ry specific in their stimulus requirements and 
there would be a great deal of redundancy if such cells were 
afferent to a diffuse inhibitory network. They are far more 
.l.ikoly t-.o projC'ct on -o thC' prcci.RC', r0tinotopicc.1lly orgc1nisod 
inhibitory pathways which involve the intrageniculate neurons. 
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Sanderson, Bishop and Darian-Smith (1971) and Schmielau and 
Singer (1977) have examined the effects of cortical removal and 
cooling on binocular interactions in the dLGN. Although neurons 
in the dLGN appear to be monocular, binocular presentation of 
visual stimuli often reveals a subliminal input from the 
corresponding point in the non-dominant eye (Singer, 1970; 
Sanderson et al . ., 1971). Sanderson et al. (1971) found that 
most of the receptive fields in the non-dominant eye were purely 
inhibitory and reported that this inhibition was fairly weak. 
Removal of the visual cortex had no effect on these inhibitory 
interactions. 
In the study of Schmielau and Singer (1977), 75% of neurons 
recorded in laminae A and A1 of the dLGN showed binocular 
interactions. In a few cells, the input from the non-dominant 
eye was purely inhibitory and in the remainder facilitatory or 
inhibitory effects were seen depending on the site of stimulation 
within the non-dominant eye. After cooling of the visual cortex, 
facilitatory interactions were completely abolished and binocular 
inhibition was reduced. It was suggested that facilitation is 
dependent on corticofugal pathways, while inhibition also depends 
on intrageniculate networks (cf. Sanderson et al. 1971). 
The se rosults hav0 been incorporatrd into a mod el which 
de crib cc:- how the vi s uc1l cortex might control binocular 
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interactions in the dLGN (Schmielau and Singer, 1977; Singer, 
1977). In essence, it is proposed that disparity sensitive cells 
in the visual cortex which are optimally excited by an appropriate 
stimulus presented to the two eyes facilitate the transmission of 
signals through the dLGN by suppressing binocular inhibition in 
the corresponding projection column as well as by facilitating 
the cells within this column. Cells for which the binocular 
images are non-optimal would be inhibited (Barlow, Blakemore and 
Pettigrew, 1967; Pettigrew, Nikara and Bishop, 1968; Bishop, 
Henry and Smith, 1971) and intrinsic inhibitory interactions 
within those projection columns would predominate. As a result 
the corticofugal control of binocular interactions in the LGN 
"is selectively facilitating the transmission of signals from 
binocularly viewed objects that are near the fixation plane 
and can be fused to one image. Signals from objects before or 
behind the fixation plane, which cannot be fused and therefore 
give ri se to double images, remain subject to binocular inhibition 
in the LGN" (Singer, 1977). 
Obviously, if the visual cortex is to play such a role, 
the cells feeding back to the gcniculatc must themselves be 
sensitive to the relative positions of binocularly viewed 
stimuli. The suggestion from the present study, that S cells 
provide tl1c input to intrageniculate neurons, is very relevant 
in this context. Although only about half of the corticogeniculate 
S cells are binocular, it is probable that most if not all S cells 
in the striate cortex are binocularly influenced, the input from 
the non-dominant eye being subliminal (eithe r excitatory or 
inhibitory) and only seen when the cell is activated simultaneously 
from the two eyes (Bishop et al .~ 1971; Kato, Bishop and Orban, . in 
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preparation). S cells in area 17 are finely tuned to binocular 
spatial disparity (Barlow et al., 1967; Pettigrew et al., 1968; 
Bishop et al., 1971; Nelson , Kato and Bishop, 1977) and thus 
appour to he capublc of enco<ling exactly those features of the 
stimulus which are necessary for the corticofugal control of 
binocular interactions in the dLGN. A quantitative analysis of 
the binocular properties of efferent as opposed to non-efferent 
S cells in the striate and parastriate cortex is now required 
in order to test this possibility. 
Given the apparent specificity of the corticogeniculate 
projection , one may ask why removal of the cortex does not 
produce more profound changes in the response properties of 
dLGN cells. It is possible that effects would be more 
noticeable in intrageniculate interneurons rather than relay 
cells. Since interneurons are recorded only rarely (e.g. 
Dubin and Cleland, 1977) it is likely that most of the geniculate 
cells studied before and after cortical cooling or ablation are 
relay cells. Secondly,11one of the studie s which have investigated 
the influence of the corticogeniculatc pathway have used stimuli 
appropriate for the visual cortex. Schmielau and Singer (1977), 
for example, used spots of light, a stimulus which is by no 
means optimal for S cells in area 17. Therefore even with an 
intact cortex, the corticogeniculate system will not be exerting 
its maximum effect. 
Conclusions 
In summary, the present results indicate that C cells in 
both areas 17 and 18 project to the superior colliculus, the 
perigeniculate nucleus and perhaps the lateral posterior nucleus. 
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7\.11 of these pathways arc fast conducting and their influence 
appears to be related to general alerting and attention mechanisms. 
Although the exact nature of the cortical influence on tectal 
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way with behaviours such as foveation and the orienting responses 
associated with eye movements. In contrast the S cell projection 
to the dLGN may be involved in more static visuomotor behaviours 
which arise during fixation; corticofugal control improves the 
contrast between objects, in, as opposed to away from, the 
fixation plane and is perhaps important in keeping the eyes 
locked onto a target which is of particular interest to the 
animal. One might speculate that this system can only operate 
once the appropriate orienting responses have being made towards 
the stimulus of interest. It is perhaps significant, therefore, 
that S cells have much more slowly conducting efferent axons 
than C cells. 
Finally, it is clear that the efferent projections of area 17 
and area 18 arc very similar. C cells in both areas project to 
the SC and perhaps the pcrigeniculute and lateral posterior 
nucleus of the thalamus,whereas layer VIS cells appear to 
innervate neurons within the dLGN. As described in Chapter 2, 
this similarity in the extrinsic connections of the striate and 
parastriate cortex suggests that both areas are concerned with 
dynamic and static visuomotor behaviours. A separation of form 
perception in area 17 and motion perception in area 18 {Orban, 
1977) is therefore not supported by these results. 
C H A P T E R F O U R 
CONNECTIONS BETWEEN AREA 17 AND THE 
CLARE-BISHOP CORTEX 
INTRODUCTION 
The final two chapters of this thesis describe 
physiological experiments which have examined some aspects 
of the corticocortical connections of the cat visual cortex. 
Studies of this nature help define the type of information 
being transmitted from one visual area to another and provide 
clues as to how the various regions interact with each other. 
In this section the interrelationship between area 17 and the 
Clare-Bishop area (lateral suprasylvian cortex) is considered. 
A number of studies have shown that the lateral 
suprasylvian cortex is involved in the processing of visual 
information (Clare and Bishop, 1954; IIubel and Wiesel, 1969; 
Wright, 1969; Rizzolatti and Camarda, 1975; Spear and Baumann, 
1975a; Camarda and Rizzolatti, 1976b; Palm e r, Rosenquist and 
Tusa, 1978). The visual input to this region is mediated by 
both thalamic and corticocortical afferents. Although 
originally thought to receive afferents from the dorsal 
lateral geniculate nucleus (Glickstein, King, Miller and 
Berkley, 1967; Wilson and Cragg, 1967; Niimi and Sprague, 1970; 
Burrows and Hayhow, 1971) it is now generally agreed that the 
major thalamic input to the Clare-Bishop area (CB) arises 
from the lateral nuclear-pulvinar complex which lies medial 
to the lateral geniculate nucleus (H e ath and Jo n es, 1970, 1972; 
Graybiel, 1972; Rosenquist, Edwards and Palmer, 1974; Gilb e rt 
and Kelly, 1975). With regard to the co r tica l connections, the 
Clare-Bishop cort e x r e ceives visual association fibres from 
a number of areas in both the ipsilateral and contralateral 
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l1cmispl1 re (Ilubel nnd Wiesel, 1965 ; Gu.r 'Y , Jones and Powell, 
1968; Wilson, 1968; Heath and Jones, 1970, 1972; Kawamura, 1973; 
Maciewicz, 1974; Gilbert and Kelly, 1975). 
Of lJcJ.rticulGr relevance to the _µresent study is the 
relationship between area 17 and the Clare-Bishop cortex. 
Degeneration and autoradiographic studies indicate that there 
is an ipsilateral topographic projection from the striate 
cortex to the lateral suprasylvian area (Hub el and Wiesel, 1965; 
Wilson, 1968; Heath and Jones, 1970; 1972; Kawamura , 1973) as 
well as a reciprocal pathway from the Clare-Bishop cortex back 
to area 17 (Heath and Jones 1970, 1972). Using the 
technique of retrograde transport of horseradish peroxidase 
(HRP) it has been shown that almost all of the projection from 
area 17 arises from pyramidal cells in laminae II and III 
(Maciewicz, 1974; Gilbert and Kelly, 1975). Gilbert and Kelly, 
(1975) report that these cells are totally confined to layers 
II and III whereas Maciewicz (1974) indicates that labelled 
cells are occasionally found in the deeper layers. 
After unilateral lesions of areas 17, 18 and 19, neurons 
in the ipsilateral Clare-Bishop cortex become less direction 
selective and more monocular (Spear and Baumann, 1975b). 
However, many of the receptive field properties of lateral 
suprasylvian cells are not affected by visual cortex lesions 
which suggests that much of the visual processing in the 
Clare-Bishop area is dependent on the integrity of the thalamic 
rather than the cortical pathways. Elucidation of the type of 
information being transmitted to the Clare-Bishop cortex from 
area 17 will, nonetheless, give indications as to the exact 
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nature of the striate influence on this area. The primary 
aim of the present study is therefore to separate, through 
physiological identification, those striate cells sending 
axons to the Clare-Bishop cortex. 
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METHODS 
The general experimental procedures employed in this 
study have been described earlier (Chapter 1). In 14 cats, 
single cell activity in the striate cortex was monitored 
using tungsten in glass microelectrodes. With stimulating 
electrodes in the medial bank of the lateral suprasylvian 
sulcus it was possible to determine if the striate neuron 
could be driven antidromically or orthodromically from CB. 
Spike collision, fixed latency of response and the following 
of high frequency stimulation were adopted as criteria for 
antidromic activation (Chapter 3). 
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Craniotomies were performed for the insertion of the 
recording electrode in the striate cortex, for a line of 6 
stimulating electrodes (each 2 mm apart) angled into the 
Clare-Bishop area (from IIC coordinates, AP-2 to +10 and ML 14) 
and for a pair of stimulating electrodes placed in the optic 
radiation (cf. Chapter 1). The electrodes in the optic 
radiation (OR) were used to confirm that the electrodes in 
the Clare-Bishop cortex were specifically activating that area 
rather than the underlying white matter (see RESULTS). 
Generally, the recording electrode entered the striate cortex 
close to the HC coordinates, AP-2; ML 1.5. To extend the 
traverse of laminae II and III, the electrode was tilted so 
that its tip was angled forward 30° and medially 10°. As for 
all experiments, Nissl-stained sections(40 µm in thickness) 
were prepared for the reconstruction of the electrode path 
and relative depths in each track were assessed from 
electrolytic lesions spaced at intervals of approximat e ly 1 mm. 
Only those tracks in which lesions were unambiguously defined 
are included in the analysis. The laminar pattern in the Nissl 
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preparations was identified by using criteria closely conforming 
to those of O'Leary (1941) (cf. Chapter 1). Histological checks 
were also carried out in order to verify that the Clare-Bishop 
stimulating electrodes were correctly positioned in the lateral 
suprasylvian cortex. Since stimulation of the underlying white 
matter would complicate the ·analysis, the stimulating electrodes 
were rarely driven deep into the lateral suprasylvian area. 
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RESULTS 
General Comments 
In 24 electrode penetrations, the laminar position of 311 
striate units were unambiguously determined. Of these units, 
211 were classed according to their responses to both moving 
and stationary visual stimuli. The classificatory procedures 
and the nomenclature used in these experiments have been 
described in detail in Chapter 1. Eleven cells were 
antidromically activated from the Clare-Bishop area and a 
f u rther 52 were orthodromically excited from this site. 
Cells efferent to the Clare-Bishop area 
All of the neurons antidromically activated from the 
ipsilateral lateral suprasylvian cortex were located above 
lamina IV. Eight of these cells were in lamina III itself 
and three were found at the border of laminae III and IV. 
The distribution of the different cell types encountered in 
laminae III and III/IV and the number of each cell class 
identified as being efferent to the Clare-.Bishop area is 
shown in Table 1 . 
Units activated antidromically from CB were encountered 
only rarely (7% of all units in laminae III and III/IV). 
However, one particular cell type, the B cell, makes a maJor 
contribution to this number. If grouped with BH cells (i.e. 
cells with the same basic response pattern as B but also 
showing end-zone inhibition) then 21% of the family as a 
whole projected to the Clare-Bishop region. No other type 
TABLE 1 
Distribution of different cell types in laminae III and III/IV 
" 
s s C C B B Misc. Unclassed H H H 
Total number in 
laminae III and 47 19 5 2 30 9 4 38 
III/IV 
Number driven 
antidromicall y 1 1 0 0 5 3 1 0 
from CB 
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Fig. 1. A: ocular dominance distribution of striate neurons 
efferent to the Clare-Bishop (CB) cortex. 
of one efferent cell was not determined. 
The ocular dominance 
B: antidromic 
latencies of striate neurons projecting to CB. 
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Fig. 2. 
area 17. 
Antidromic activation of a BH cell in lamina III of 
A: collision of antidromic spike with an orthodromic 
spike elicited prior to the electrical stimulation. Filled 
arrow, orthodromic spike; open arrow, antidromic spike; filled 
circle, stimulus artifact. B: fixed latency of response and 
fractionation of antidromic waveform at high rates of stimulation; 
d, 100 IIz; e, 250 Hz; f, 500 Hz. Marker indicates 1 msec. 
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r ecepti v e fi e lds. AC; area centralis. 
of cell had anything like this proportion of antidromic 
responses. The cell group described as 'miscellaneous' 
consisted of visually responsive cells which could not be 
satisfactorily placed into any of the three major receptive 
field families. The one antidromic unit in this class had 
response properties intermediate between Sand B. 
All neurons efferent to the Clare-Bishop cortex had 
relatively small receptive fields (mean width, 0 0.8 ; mean 
length, 0 1.3 ) , were sharply tuned for stimulus orientation 
(no responses were obtained with stimuli inclined 20 to 25° 
from the optimal orientation), responded best to slowly moving 
stimuli and were binocularly activated (Fig. lA). Further, 
the majority of antidromically activated cells (82%) showed 
a clear preference for movement in one direction. The 
antidromic latencies ranged from 0.6 to 6.5 msec and had a 
mean of 1.9 msec. An example of a lamina III, B8 cell 
antidromically excited from the Clare-Bishop cortex is 
presented in Fig. 2. The distribution of . latencies is shown 
in Fig. lB . None of the cells antidromically excited from 
the Clare-Bishop area were activated antidromically from the 
electrodes placed in the optic radiation. This . observation 
taken with the fact that all of the cells projecting to 
the Clare-Bishop area were found to be above lamina IV, 
indicates that the stimulation in the lateral suprasylvian 
cortex was specific to that area and was not activating fibres 
in the underlying white matter. 
Figure 3 shows the visual field position of the receptive 
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fields of the 11 antidromically activated cells. Only one cell 
had its receptive field within 4° of the area centralis. 
Since the superficial part of most of the lateral suprasylvian 
gyrus appears to represent the periphery of the visual field, 
while the cortex deep in the medial bank of the suprasylvian 
sulcus contains a representation of the vertical midline 
(Hubel and Wiesel, 1969; Heath and Jones, 1970; Spear and 
Baumann, 1975a), the prevalance of peripherally located 
efferent cells in the present sample suggests that the 
stimulating electrodes were commonly situated superficially 
rather than deep in the Clare-Bishop area. Histological 
examination of the position of the stimulating electrodes 
confirmed that the electrodes rarely reached down to the 
bottom of the lateral suprasylvian area (see METHODS). 
Cells orthodromically driven from the 
Clare-Bishop area 
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Fifty-two cells recorded in area 17 were orthodromically 
excited after electrical stimulation of the lateral suprasylvian 
cortex. Latencies ranged from 1.0 to 12.0 msec. Twenty-six 
of these cells were also orthodromically activated from the OR 
electrodes and in 14 cells the OR and CB latencies were very 
similar, which might suggest that the Clare-Bishop stimulation 
was not specific to that area. However, it has already been 
mentioned that efferent cells in area 17 were either 
stimulated from CB or OR but never from both. In addition 
afferent fibres from the dorsal lateral geniculate nucleus, as 
well as a substantial number of striate cortical cells, were 
driven from OR but not from the lateral suprasylvian cortex. 
These considerations indicate that much of the orthodromic CB 
activation was specific to that area and was not due to the 
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Fig . 4 . The proportions of each cell class and the proportion 
of cells in each cortical l amina orthodromically excited by 
Clare-Bishop stimulation. 
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indirect cxcitat.lon of the und rlying wl1itc mutter. Tl1 c 
proportions of each cell class (expressed as a percentage 
of the total number of cells in that class) and the proportion 
of cells ln a given lamina (exprcs se <l as c1 percentage of tho 
total number of cells in that lamina) are shown in Fig. 4. 
The highest proportion of neurons orthodromically activated 
from the lateral suprasylvian area have C and B type receptive 
fields and are found most often in lamina III and at the 
border between laminae IV and V. 
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DISCUSSION 
The present study has indicated that the level of 
processing of visual information attained in the striate cortex 
prior to transfer to the Clare-Bishop area is reflected, for 
the most part, in the receptive field properties of B cells of 
lamina III. It is perhaps significant that a number of cells 
in the B family appear to receive an input from the lateral 
suprasylvian cortex. Golgi studies (Cajal, 1911; O'Leary, 1941; 
Lorente de No, 1949) have indicated that small pyramidal cells 
tn lamina VA of the striate cortex (roughly equivalent to the 
IV/V border zone described in this study) have recurrent axons 
that ascend to aborise profusely in laminae II and III. This 
suggests that the activity of B cells in lamina III is related 
to the firing of B cells situated at the IV/V border. The 
observation that B cells in lamina III and the IV/V border are 
often orthodromically driven from the Clare-Bishop cortex, 
while B cells in lamina III are efferent to this area, suggests 
a degree of reciprocity in the area 17 - CB connections which 
is mediated primarily by the B cell family. 
Striate cells projecting to the Clare-Bishop area have 
small receptive fields, despite the fact that all but one of 
these cells were situated in cortex representing more peripheral 
parts of the visual field. Efferent cells are also sharply 
tuned for stimulus orientation, are binocularly discharged, 
respond best to slowly moving targets and are nearly always 
highly .selective for the direction of movement of an optimally 
oriented stimulus . In comparison, cells in the lateral 
suprasylvian cortex l1ave relatively large receptive fields 
(though they do tend to decrease in size near the area 
centralis), the majority are binocularly activated and 
direction selective and they generally prefer faster stimulus 
velocities (Hubel and Diesel, 1969; Wright, 1969; Spear and 
Baumann, 1975a; Camarda and Rizzolatti, 1976b). There is 
some disagreement as to whether Clare-Bishop neurons are 
orientation selective. Hubel and Wiesel (1969) have claimed 
that they are , whereas Spear and Baumann (1975a) suggest that 
this is generally not the case since the degree of direction 
selectivity of Clare-Bishop cells is relatively independent 
of the shape or orientation of a stimulus and the addition of 
stimulus orientation does not alter the response specificity 
of the cells. Finally many Clare-Bishop neurons possess 
inhibitory regions surrounding the excitatory discharge area 
(Spear and Baumann , 1975a ; Camarda and Rizzolatti, 1976b). 
Clearly then there are a number of important differences 
in the receptive field properties of striate B cells and 
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Clare-Bishop neurons·. A preliminary report (Spear and Baumann, 
1975b) has described the effects of removal of areas 17, 18 
and 19 on the response properties of cells in the cat lateral 
suprasylvian cortex. After a unilateral lesion, cells in the 
ipsilateral Clare-Bishop area become less direction selective 
and less binocular. However, a variety of receptive field 
properties remain unaltered; for example the responses of 
cells to different stimulus sizes is unaffected as is the 
incidence of surround inhibition. Furthermore, there is no 
change in the velocity sensitivity of Clare-Bishop neurons. 
This result is especially surprising given that area 17 cells 
projecting to the lateral suprasylvian area only respond to 
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slowly moving stimuli. The study of Spear and Baumann (1975b) 
therefore suggests that binocularity and direction selectivity 
may be dependent on the influence of corticocortical connections 
whereas other receptive field properties are derived from the 
thalamic input. However, there are clear similarities in the 
receptive field properties of Clare-Bishop neurons and cells 
in the tectothalamic system which provide much of the input to 
this cortical area. For example, many cells in the lateral 
nuclear-pulvinar complex which presumably project to the 
Clare-Bishop cortex (see INTRODUCTION) have large receptive 
fields and are direction selective (e.g. Mason, 1978). The 
direction selectivity of cells in the lateral suprasylvian 
area could thus be derived from their thalamic as well as 
their cortical input. 
Behaviourally, the lateral suprasylvian cortex appears to 
be involved in visual tasks which are very similar to those 
mediated by the superior colliculus (Baumann and Spear, 1977; 
Sprague, Levy, DiBerardino and Berlucchi, 1917). Sprague et al.~ 
(1977) have shown that lesions in areas 19, 21 and the lateral 
suprasylvian area on the one hand and lesions in the pretectum 
and superior colliculus on the other, result in comparable 
deficits in form discrimination. They suggest that the midbrain-
pulvinar-cortical pathways in the cat provide the first stage 
in simple, coarse form perception and discrimination. Further, 
Kennedy and Magnin (1977) have shown that Clare-Bishop neurons 
are influenced by saccadic eye movements and suggest the region 
is involved in oculomotor visual integration, a role u l so 
ascribed to the superior colliculus. Given the apparent 
uniformity of function within the tecto-pulvinar-lateral 
suprnsylvian system, the observo.tion that dissimilnr striate 
receptive field types project to these areas (C cells to the 
tectum and pulvinar complex - Chapter 3, B cells to the 
Clare-Bishop area) indicates that area 17 is influencing 
these regions in different ways. An understanding as to why 
this distinction occurs will undoubtedly aid in determining 
the nature of the subcortical and corticocortical pathways. 
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C H A P T E R F I V E 
INTERHEMISPHERIC VISUAL CONNECTIONS 
INTRODUCTION 
In all vertebrates, the telencephalon is subdivided into 
two hemispheres which are connected by a massive commissural 
system. The fibres linking the two occipital lobes of the 
cerebral hemispheres are found in the splenium of the corpus 
callosum (e.g. Sunderland, 1940) and the origin and destination 
of these fibres has been the subject of much anatomical 
investigation. 
In the cat, the majority of degeneration studies have 
shown that the termination of visual commissural fibres is 
restricted to the lateral part of area 17, the medial half of 
area 18, the lateral part of area 19 and the cortex of the 
suprasylvian gyrus (Hubel and Wiesel, 1967; Jones and Powell, 
1968; Heath and Jones, 1970, 1972). Wilson (1968) has also 
described scant degeneration in the medial wall of the lateral 
gyrus after lesions within contralateral area 17. In most 
regions which receive commissural afferents,degenerating 
callosal terminals are found primarily in the deeper parts of 
lamina III and in lamina IV, and less frequently in all of the 
remaining cortical layers (Garey et al . ., 1968; Jacobson and 
Marcus, 1970; Shoumura, 1974). However, recent reports 
(Fiskin, Garey and Powell, 1975; Shatz, 1977b) have indicated 
that the laminar distribution of callosal terminals may differ 
in areas 17 and 18. Fiskin et al . ., (1975) describe dense 
degeneration deep in lamina III and in the upper part of 
lamina IV in area 18, whereas in area 17, callosal terminals 
are restricted to laminae III, V and VI. Shatz (1977b), 
using autoradiographic methods has obtained similar results, 
and has also described a projection to deep layer I at the 
17/18 border. All callosal fibres have asymmetric terminals 
and most are found on dendritic spines (Fiskin et al . ., 1975). 
Different cortical areas appear to give rise to different 
patterns of callosal projection. Thus after lesions at the 
17/18 border, degeneration in the contralateral hemisphere is 
found at the 17/18 border, the lateral part of area 19 and 
the cortex of the suprasylvian gyrus (Hubel and Wiesel, 1967; 
Wilson, 1968). Lesions in area 19, however, only give rise to 
degeneration in the lateral part of the opposite area 19 and 
to the deepest part of the contralateral suprasylvian area 
(Heath and Jones, 1970). These authors have also shown that 
the lateral suprasylvian area projects only to its contra-
lateral counterpart, the whole area being innervated by 
commissural fibres. 
More recently, the cells of origin of callosal axons in 
various animals have been studied using the technique of 
retrograd e transport of horseradish peroxidase (HRP) (Wong-
Riley, 1974; Jacobson and Trojanowski, 1974; Winfield , Gatter 
and Powell, 1975; Innocenti and Fiore, 1976; Shatz, 1977b). 
In the cat, after injection of HRP at the 17/18 border, 
labelled cells in the contralateral cortex are found in areas 
17 and 18, close to the 17/18 border (Innocenti and Fiore, 
1975; Shatz, 1977b). Cells filled with HRP are found 
predominantly at the base of lamina III and the upper part of 
lamina IV although occasional cells are found in laminae 
II, V, VI, and the upper part of lamina III (Innocenti and 
2 
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Fiore, 1976; Shatz, 1977b). Both pyramidal and stellate cells 
are labelled (Innocenti and Fiore, 1976). Shatz (1977b) has 
also described labelled cells near the lateral border of area 19 
and scattered throughout the deeper layers of the Clare-Bishop 
cortex. This result appears to be contradictory to the study 
of Heath and Jones (1970) who found no degeneration in the 
contralateral 17/18 region after lesions confined to area 19 
or the suprasylvian cortex. 
Physiological mapping of the visual field in cats has 
shown that both the 17/18 border and the lateral part of area 19 
represent the vertical midline, (Talbot, 1942; Hubel and 
Wiesel, 1965; Bilge, Bingle,Seneviratne and Whitteridge, 1967; 
Leicester, 1968; Tusa, Palmer and Rosenquist, 1978). Thus it 
appears that the visual callosal projection may be specifically 
involved in the transmission of information related to this 
vertical meridian. A number of studies have supported this 
proposal. Firstly, the receptive fields of callosal fibres 
recorded in the splenium have all been found to be located 
near the vertical midline (Hubel and Wiesel, 1967; Berlucchi, 
Gazzaniga and Rizzolatti, 1967; Shatz, 1977). Secondly, in 
cats with unilateral optic tract section (Choudhury, 
Whitteridge and Wilson, 1965; Vesbaesya, Whitteridge and 
Wilson, 196 7) some visually driven units could be recorded . in 
the cortex ipsilateral to the lesion. Visually activated cells 
were found only at the 17/18 border and responded to light 
stimuli presented near the vertical midline. Responses were 
ab o 1 i shed by coo 1 in g· the corr e s pond in g point s in the 
contralateral hemisphere and by cutting the corpus callosum. 
,.. 
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Lastly, Shatz (1977a,b) has shown that in siamese cats, 
callosal projections still arise from and terminate in cortical 
areas which represent the vertical midline even though these 
regions arc no longer located at the 17/18 border. 
Both areas 17 and 18 receive a direct input from the 
ipsilateral dorsal lateral geniculate nucleus (dLGN), (Garey 
and Powell, 1967, 1971; Wilson and Crag g, 1 967; Niimi and 
Sprague, 1970; Stone and Dreher, 1973; Rosenquist, Edwards and 
Palmer, 1974; Singer, Tretter and Cynader, 1975; Tretter, Cynader 
and Singer, 1975; LeVay and Gilbert, 1976; Hollander and Vanegas, 
1977; Levay and Ferster, 1977). Various physiological 
experiments have examined the integration of this primary pathway 
with the callosal projection. For example after chiasmal section, 
thus allowing only fibres from the ipsilateral eye to reach 
the dLGN, binocular cortical units were found at the 17/18 
border; the response properties of the two monocular receptive 
fields for each cell were identical (Berlucchi and Rizzolatti, 
1968). The receptive field of the ipsilateral eye is likely to 
be mediated by thalamocortical pathways, and the contralateral 
input through corticocortical connections. The convergence of 
primary and callosal pathways onto single cells in areas 17 
and 18 has also been investigated using electrical stimulation 
techniques. (Toyama, Matsunami, Ohno and Tokashiki, 1974; 
Singer c t al . ., 1975; Tretter et al . ., 1975; Toyama and 
Matsunami, 1976). The intracellular work of Toyama et a l • ., 
(1974) has indicated that EPSPs are evoked monosynaptically 
and IPSPs disynaptically in c e lls orthodromically activated 
by commissural stimulation. The observation that the primary 
,..-
and commi.s.:,ural inputs to corlicnl cells might hnvc similar 
organizational properties has been confirmed by Toyama and 
Matsunami (1976) who have shown that specific visual and 
c llosal _p.::ithways share an inhibitory intcrncuron in the finnl 
common pathway to visual cells in cat cortex. Singer et al., 
(1975) and Tretter et al., (1975)havc reported that cells in 
areas 17 and 18, with a high degree of excitatory convergence 
from the primary visual pathway, tend to receive the highest 
proportion of callosal afferents. 
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Although providing useful electrophysiological information 
on how primary and callosal pathways interact with each other, 
the studies just described leave unanswered a number of important 
questions concerning the nature of visual interhemispheric 
connections. For example, what are the receptive field 
properties of cells which send or receive commisural fibres? 
Do both afferent and efferent callosal cells have receptive 
fields close to the vertical midline of the visual field? 
Do cells which project through the splenium have monocular 
receptive fields and are cells which receive callosal fibres 
necessarily binocular? Lastly, is there any tendency for 
efferent callosal cells to prefer a particular stimulus 
orientation or direction of movement with respect to the 
midline? 
In the present study an answer will be sought to the 
questions posed above. Single units have been recorded in 
areas 17 and 18, and information about their aff e rent and 
efferent commissural connectivity has been obtained by 
electrical stimulation of the corpus callosum (CC) and the 
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contralateral visual cortex (CV). As well as analysing the 
visual properties of cells which send or receive callosal 
fibres, the laminar organization and position with respect 
to the 17/18 border of afferent and efferent callosal cells 
has been compared with the anatomical distribution derived 
from previous neurohistological studies. Fibres were also 
recorded in the splenium in order to compare this overall 
population with the cells in areas 17 and 18 which project 
to the callosum. The possible role of the corpus callosum 
in vision is discussed in light of these results. 
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METHODS 
The general methods employed in these experiments have 
already been described (Chapter 1). All experiments were 
performed on anaesthetized (N 2 o;o 2 ), paralysed (toxiferine 
and gallamine triethiodide) cats. Pupils were dilated with 
atropine and the cornea protected with contact lenses. 
Artificial pupils ( 3 mm diameter} were used and the animals 
refracted for a viewing distance of one metre. Retinal 
landmarks were back-projected onto a tangent screen using an 
indirect opthalmoscope (Zeiss Fundus Camera). 
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Two types of experiment have been undertaken. In the first, 
tungsten in glass microelectrodes (Levick, 1972) were used to 
record from single fibres in the splenium of the corpus 
callosum . Histological checks were generally carried out on 
successful penetrations to confirm that the electrode had passed 
through the splenium. In addition, electrolytic lesions were 
usually made during, or at the end of, recording tracks to 
confirm the site of recording of the callosal axons. 
penetration is shown in Fig. 1. 
Such a 
In the second part of the study, tungsten in glass micro-
electrodes were used to record extra-cellularly from single 
units in areas 17 and 18 of the visual cortex. All 
penetrations were made between Horsley-Clark Posterior 1 and 
5 and were angled to pass tangentially across the border between 
areas 17 and 18 within the lateral bank of the lateral gyrus. 
As in all experiments, electrolytic lesions were made at 
various intervals along the penetration of the 
Fig. 1. Photomicrograph of an electrode penetration through the 
splenium of the corpus callosum (CC). An electrolytic lesion 
is shown by the arrow. Marker indicates 1 mm. 
I 
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recording electrode. After sacrifice of the animal, 40µ 
Nissl-stained sections were prepared and the electrode tracks 
reconstructed. To investigate the afferent and efferent 
connectivity of these units, platinium/iridium glass-
insulated stimulating electrodes were placed in the corpus 
callosum (CC ) , the contralateral visual hemisphere (CV) 
and occasionally in the optic chiasm (OX) and ipsilateral 
optic radia t ion (OR ) . 
For callosal stimulation a linear array of 4 electrodes, 
each 2 mm apart was stereotaxically positioned between 
Horsley-Clark anterior 2 and anterior 8, about 1.5 mm 
lateral to the midline, contralateral to the recording 
hemisphere. From the experiments which involved recording 
from the splenium of the CC itself, it was known at what 
depths visual fibres could be found. This was used as a 
guide to the depth of the callosal stimulating electrodes. 
In some cats, the threshold of activation of cells driven 
from the corpus callosum was measured while the depth of 
the callosal electrodes was varied. The depth at which the 
lowest threshold (for 100% response) was obtained was then 
used in these experiments. The posterior pair of electrodes 
always had the lowest thresholds, and the most anterior pair 
the highest. This correlates well with the fact that visual 
commissural fibres pass through the posterior third of the 
callosum . 
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The number of CV stimulating electrodes varied from 6 to 9. 
A diagrammatic representation of their position with respect to 
the recording electrode is shown in Fig. 2. The electrodes 
Stimulating 
el ectro'd es 
0 
0 
' 
' 
' 
' I 
' I 
' 19 I I 
I 
' 
' 
' 
' I I 
I 
' I I 
18 \ 17 
I 
I 
I 
I 
\ 
--
-----Recording 
electrode 
-- --------· Post 5 
---------- ----- Post 0 
Fig. 2. Representation of the location of the recording electrode 
and CV stimulating electrodes. For the sti~ulating electrodes: 
filled circles, electrodes always used; open circles, electrodes 
sometimes used. Lines joining filled circles indicate possible 
bipolar stimulating combinations. 
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were arranged to be in a corresponding position to the site of 
recording in the contralateral hemisphere. The 17/18 border 
could be stimulated by 5 different electrode pairs. A third 
array of stimulating electrodes was sometimes placed more 
laterally in area 19. Methods for placement of OX and OR 
stimulating electrodes has previously been described (Chapter 1). 
The exact positions of the CC, CV, OX and OR stimulating 
electrodes were checked histologically at the end of each 
experiment. This was done either by gross dissection or more 
usually, by examination of 40µ Nissl-stained coronal sections. 
Antidromic and orthodromic activation were recognized 
using established criteria (Bishop, Burke and Davis, 1962; 
cf. Chapter 3). Antidromic spikes could always be blocked by 
an orthodromic spike visually evoked prior to the electrical 
stimulation (the collision test). Fractionation of the 
waveiorm of the action potential at high rates of stimulation 
and fixed latency of response were also used to confirm the 
antidromic activation. Orthodromic spikes evoked after 
electrical stimulation could not be collided with a visually 
produced spike, they did not have a fixed latency of response 
and they invariably failed to follow high rates of stimulation. 
The laminar pattern of areas 17 and 18, and the location 
of the border between these two areas was identified in 
Nissl-stained preparations using established criteria (O'Leary, 
1941; Otsuka and Hassler, 1962; Garey, 1971). For this study, 
lamina IV of area 18 was not subdivided into two parts 
(Chapter 2). The cytoarchitectonic criteria used to define 
the 17/18 border in the present study are outlined below: 
Fig. 3. Photomicrograph of Nissl-stained section showing 17/18 
border zone. Dotted lines indicate limits of border region. 
Arrows show the position of large pyramidal cells located deep 
in lamina III. 
•, 
I \ II 
• \ 't. 
I 
\ 
·' 
(i) ~ number of large pyramidal cells are 
(ii) 
(iii) 
located in lamina III at the 17/18 
border. 
Layer IV becomes narrower as one progresses 
from area 17 to area 18. Concomitant with 
this, the medium to large pyramids of 
lamina III are found much deeper in the 
cortex in area 18 than in area 17. 
There is a widening of lamina V . in area 18, 
adjacent to area 17. 
Previous reports have commented on the difficulty of 
identifying the 17/18 border in the cat and in the present 
work is was not possible to identify an exact point at which 
area 17 stopped and area 18 began. Rather, there appeared to 
be a zone, 150 to 250µ wide which could not be safely 
designated as either striate or parastriate in character. 
This region is termed the 1?/18 border zone and is shown in 
Fig. 3. The two dotted lines indicate the limits of this 
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transition area. Area 17 is above the zone, and area 18 below 
it. In most of the following analysis, units located in this 
zone have been placed in a separate group from those definitely 
located in areas 17 and 18. 
Receptive fields in both the splenial and cortical 
experiments were plotted using hand held visual stimuli, and 
were analysed using established criteria (Hubel and Wiesel, 
1962, 1965; Bishop and Henry, 1972; Henry, 1977). S cells 
(both in areas 17 and 18) had separate response regions to 
moving light and dark edges, and separate ON and OFF areas to 
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stationary flashing stimuli. Some units only responsed to one 
edge and had just one ON or OFF stationary flashing light area. 
These units have generally been included in the S cell group. 
The exception to this rule, the A cell, is discussed below. 
S cells typically had low spontaneous activity and were sharply 
tuned for stimulus orientation. C cells in areas 17 and 18 were 
characterised by having superimposed dark and light edge response 
regions and gave mixed ON/OFF discharges when tested with 
stationary stimuli. They usually had a relatively high 
spontaneous activity and were broadly tuned for orientation. 
B cells have been previously described in both area 17 (Henry, 
Lund and Harvey, 1978; Chapter 1) and area 18 (Chapter 2). 
They resembled C cells in having superimposed dark and light 
edge fields and mixed ON/OFF responses to flashing bars, but 
they preferred slower velocities, had low spontaneous activity, 
had smaller receptive fields and were more tightly tuned for 
stimulus orientation. Units designated as A cells resembled 
S cells in that they had separate response regions to moving 
light and dark edges and separate stationary ON and OFF zones, 
but they had larger fields and their response to moving stimuli 
did not peak at a point but was maintained across the whole 
length of the receptive field (Henry, 1977). End zone 
inhibition wc1s sometimes present in all of the above receptive 
field classes, and as suggested by Henry (1977), these cells 
have been designated SH, CH, BH, and AH. Some non-oriented 
units were also encountered whose responses to electrical 
stimulation of the ipsilateral OR indicated that they were 
postsynaptic to gcniculocortical fibres (cf. Chapter 1 
and 2). Some units did not respond to stationary flashing 
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stimuli, but it was always possible to place these cells in 
one of the various receptive field categories (S, C, B or A) 
on examination of their other response characteristic (e.g. 
spontaneous activity, orientation tuning, receptive field size 
and responses to moving edges). 
RESULTS 
P A R T 0 N E 
RECORDING FROM FIBRES IN THE SPLENIUM 
OF THE CORPUS CALLOSUM 
In this section, the visual properties of single fibres 
recorded in the splenium of the corpus callosum (CC) are 
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described. In 9 cats, 60 fibres were isolated in 22 successful 
penetrations. Visual fields could be plotted for 31 of these 
fibres, a further 12 axons were driven visually but were not 
held long enough to allow classification, and 17 could not be 
activated by visual stimuli. The depths from the cortical 
surface at which visual callosal fibres were encountered ranged 
from 10.6 to 13.0 mm and there was a tendency for non-visual 
fibres to be located in the deeper parts of the splenium. 
As would be expected from the number of visual cortical 
areas which send axons through the CC, a great variety of 
receptive field types were found in the splenium. The 
receptive fields of 27 fibres could be satisfactorily 
characterised. The classification scheme was based on that 
proposed by Henry (1977) (see METHODS), although this had to 
be extended to include receptive fields of axons which were 
presumably derived from cells in more lateral visual cortical 
areas. 
Table 1. 
The receptive fields found in the CC are shown in 
No receptive fields were studied which could b e 
uniquely ascribed to area 17. The 5 fibres with S type 
properties (three Sand two SH) were more typ i cal of a re a 18 
than area 1 7 ( see Chapter 2) . The C and CH c e lls could h ave 
s s 
No. of units 3 
TABLE 1 
Receptive field classes recorded in the splenium 
of the corpus callosum 
C C A Large-field Non-oriented B 
H H H H 
2 5 7 1 2 2 5 
Visual but 
not classified 
4 
Left eye Right eye 
10° 10° 
0 10°0 
Fig. 4. Visual field position of the receptive fields of fibres 
recorded in the splenium of the corpus callosum. Receptive 
fields in each eye are shown separately and are plotted with 
respect to a standardized area centralis position. The area 
centralis is represented by the intersection of the vertical 
and horizontal lines. 
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originated from either area 17, or more likely from areas 18 or 
19 since cells of this type are more common in these two areas. 
Five fibres had little or no orientation specificity and these 
may have originated from the Clare-Bishop area. Two of these 
fibres exhibited a degree of centre/surround organization. Two 
fibres were isolated which had very large receptive fields (up 
to about 4o o by 30°) d 1 bl f Cl B' h an were a so presuma yo are- is op 
origin. 
In agreement with some previous work (Hubel and Wiesel, 
1967; Shatz, 1977a) most splenial fibres were binocularly 
activated. Thus for the 29 fibres for which adequate testing 
was possible, 27 (9.3%) had binocular receptive fields; the two 
monocular fibres appeared to have no orientation specificity. 
Most fibres showed some degree of spontaneous activity. 
Approximately 50% of the visual callosal fibres preferred 
high rates of stimulus movement and about 30% responded optimally 
to slower velocities ( i . e • 0 up to about 10 or 15 /sec). 
The visual field location of the receptive fields of the 
callosal fibres are shown in Fig. 4. All receptive fields 
have been plotted with respect to a standardized area centralis 
position; left eye fields are shown in A and right eye fields 
in B. All units had receptive fields close to the vertical 
midline, in agreement with earlier reports (Hubel and Wiesel, 
1967; Berlucchi et al . ., 1967; Shatz, 1977a). It should be 
emphasised that the relationship between the receptive field 
positions and the vertical midline is only approximate since 
estimates of the area centralis position are subject to errors 
of perhaps~ to 1° in some circumstances. In addition no 
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correction for cyclo-rotation of the eyes has been made. 
In terms of elevation in the visual field, the majority of 
callosal fibres had receptive fields close to the area centralis, 
in agreement with earlier work (Hubel and Wiesel, 1967). This 
is of interest in light of a recent report (Innocenti and 
Fiore, 1976) which showed that, after unilateral injection of 
HRP into the visual cortex, labelled cells in the opposite 
hemisphere _were most numerous when the injection was made in 
the locus of the cortical representation of the area centralis. 
Thus it appears that the central visual field may give rise to 
a substantial part of the callosal projection. 
P A R T T W 0 
SINGLE UNIT RECORDING IN AREA 17 AND AREA 18 
Although recording from fibres in the splenium is useful 
in indicating the type of visual information being transmitted 
from one hemisphere to the other, there are important 
limitations to this type of experiment. Firstly, it is usually 
not possible to identify the exact visual cortical area from 
which the axons originate. Hence physiological findings cannot 
be correlated with the cytoarchitectonic and laminar distributions 
of afferent and efferent commissural pathways previously 
determined using anatomical techniques. Secondly, in terms of 
visual field position and receptive field classification, 
splenial recording only allows study of the cells of origin of 
the commissural system. No information can be obtained about 
the cells which rece~ve this callosal projection. 
In this second part of the study, single units have been 
recorded during penetrations through the lateral bank of the 
lateral gyrus. Information about the afferent and efferent 
connections of the cortical cells was obtained by electrical 
stimulation of the CC and CV (see METHODS and Fig. 2). In 4 
cats, electrodes were placed only in the CC. The data are 
taken from experiments performed on 20 adult cats. 
Responses to electrical stimulation of CC and CV 
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Electrical stimulation of the commissural system was tested 
on 417 of the units encountered in areas 17 ·and 18. Ninety-five 
(23%) were activated orthodromically and 15 (4%) antidromically 
after stimulation of CC and/or CV. The proportion of ortho-
dromically activated units found in the present study (although 
largely dependent on the recording site and its relation to 
the 17/18 border) is similar to that described by Singer et al.~ 
(1975) and Tretter et al.~ (1975), who reported that about 30% 
of cells recorded in areas 17 and 18 received an input from the 
opposite hemisphere. Eighty-three orthodromically excited units 
were recorded in cats in which both CC and CV stimulating 
electrodes were present; 30 units could be activated 
orthodromicaZZy only from CC, 24 only from CV, and 29 could 
be activated from both sites. Seven antidromic units were 
activated only from CC and 4 from both CC and CV. Thresholds 
for CV stimulation were usually higher than for CC stimulation. 
Thus the absence of a response to CV stimulation in some cells 
driven from CC does not necessarily imply that the afferent or 
efferent axons were coming from, or going to, an area of 
contralateral cortex other than the 17/18 border region. 
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The latencies to CC and CV stimulation are shown in Fig. 5. 
In each histogram, antidromically and orthodromically activated 
units are shown as filled and open blocks respectively. 
one exception (8.1 msec), the antidromic latencies to CC 
With 
stimulation ranged from 0.8 to 2.5 msec. Figure 6 shows the 
latencies to CC and CV stimulation for units excited from both 
sites. Note that both impulse conduction time and synaptic 
transmission delay are included in the orthodromic latencies. 
The conduction distance between the recording electrode and 
the CC and CV stimulating electrodes was estimated as being 
17.5 mm and 31.0 mm respectively. Thus for any given CC latency, 
the latency from CV should be 31.0/17.5 or about 1.75 times 
longer. This ratio is shown by the dashed line in Fig. 6. All 
units activated from both stimulating positions lie close to 
this line; thus for orthodromically activated units, differences 
in absolute latencies may be due to variation in the size and 
conduction velocity of afferent commissural fibres, rather than 
in the number of synapses i~terposed between the presynaptic 
fibre and the cell being stimulated. In support of this 
contention, Toyama et al.~ (1974) have shown that in cat 
areas 17 and 18, EPSP's are evoked monosynaptically and IPSP's 
disynaptically after commissural stimulation. Indeed, the fit 
of the orthodromically excited cells is even better if one 
synaptic transmission delay is subtracted from the latencies 
presented in Fig. 6. 
The relati onship be tween call o sally driven 
units and the 17/18 border 
The laminar position and location with respect to the 17/18 
border were histologically determined for 313 of the units tested 
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Fig. 7. A-D: visual field position of the receptive fields of 
cortical units plotted against depth from cortical surface. 
Filled circles, right (contralateral) eye; open circles, left 
(ipsilateral) eye. In each graph, the extent of the 17/18 border 
zone is shown by the two dotted lines. Arrows indicate first 
unit regarded as having receptive field properties characteristic 
of area 18. 
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by commissural stimulation. The difficulty of accurately 
locating the 17/18 border has already been mentioned 
(see METHODS). In Fig. 7, the visual field position of single 
units recorded in 4 electrode penetrations which passed through 
the lateral bank of the lateral gyrus is related to the cyto-
architectonically defined border zone. The solid arrow in each 
plot indicates the first unit regarded as having receptive 
field properties characteristic of area 18. The first 
physiologically classified area 18 unit was always found close 
to the histologically identified 17/18 border zone. In addition, 
it is clear (cf. Fig. 7) that receptive fields only started 
to move away from the vertical meridian when penetrations 
entered area 18. There was thus good physiological and 
histological correlation with regard to the location of the 
border zone between striate and parastriate cortex. If there 
is a representation of the vertical midline in area 18, it 
is very small and extends no more than about 0.5 mm from the 
17/18 border zone. 
Of the 313 units whose histological position was determined, 
107 were in area 17, 34 were located within the 17/18 border 
zone, and 172 were found in area 18. Sixty-nine (22%) units 
could be orthodromically activated and 13 (4.2%) antidromically 
activated after electrical stimulation of the commissural 
system. Table 2 shows the percentage of orthodromically and 
antidromically activated units in the three regions. From 
the percentages of antidromically activated units it appears 
that units within the 17/18 border zone give rise to the 
largest proportion of callosal axons. 
TABLE 2 
The proportion of orthodrornically and 
antidrornically activated units in areas 17 and 18 
and the 17/18 border region 
Cortical 
17 17/18 18 area 
Total number 
of units 107 34 172 
%0rthodrornic 21.5 23.5 22.1 
%Antidrornic 3.7 11.8 2 . 9 
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midline (VM). Filled blocks, antidromically activated cells; 
dotted blocks, orthodromically activated cells; open blocks, 
cells not excited from CC or CV. 
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Figure BA presents a more detailed analysis of the 
histological location (with respect to the 17/18 border) of 
cells which send or receive callosal fibres. The height of 
each block in the histogram indicates the total number of 
cells recorded at that distance from the 17/18 border. Within 
each block, the number of cells antidromically or orthodromically 
activated is shown by the filled and dotted areas respectively. 
In this figure , the 17/18 border l1as been regarded as a discrete 
point at the centre of the 17/18 border zone. Hence units 
within 0.1 or 0.2 mm of this border, which would normally be 
placed in the 17/18 border zone group are here placed in either 
area 17 or area 1 8. Efferent callosal cells were found within 
1 mm either side of the 17/18 border. Cells orthodromically 
activated from the callosum were more widespread in their 
distribution, and were found up to 3 mm into area 18. 
Th e visual fi e ld po 0 ition o f uni t s 
activated by commissural stimulation 
In Fig. BB, the data has been replotted in terms of 
visual field position for the cells for which receptive fields 
could be established. Distances from the zero vertical meridian 
were measured from the centre of each receptive field and, for 
binocular units, the average receptive field eccentricity for 
the two eyes has been used. Efferent callosal cells had 
receptive field centres close to the vertical midline, however, 
some cells receiving afferent commissural fibres had fields 
up to 9° into the c ont r a l a t erai and up to 8° into the 
ipsi late r a l visual field. 
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From Fig. BB, many units recorded close to the 17/18 
border zone had receptive fields apparently in the ipsiZateraZ 
visual hemifield. These units were nearly always recorded on 
the area 17 side of the border (cf. Fig. 7). An exact 
statement concerning the extent of the ipsilateral visual 
field representation in the visual cortex is not possible due 
to the errors in defining the area centralis and the orientation 
of the vertical midline in the paralysed cat (see earlier). 
However, any consistent errors that might occur, for example 
if the peak ganglion cell density does not coincide with the 
centre of the blood vessel pattern normally employed to identify 
the area centralis, would tend to cancel out since the data in 
Fig . 8B contains visual fields from both the ipsilateral and 
contralateral eyes. Given the possible errors (up to perhaps 2°) 
in relating the position of a cell's visual field with the 
vertical midline, there were still some units with receptive 
fields which appeared to be in the ipsilateral visual hemifield. 
Although the majority of these units were found to be only 1 or 
1.5° into the ipsilateral visual field (cf. Nikara, Bishop and 
Pettigrew , 1968; Leicester, 1968; Blakemore, 1969; Tusa, 
Palmer and Rosenquist, 1977), some units had receptive fields 
much further out; the most distant unit was found about 13° 
in the ipsilateral hemifield. Nearly all of these peripheral 
units were driven only by the contralateral eye. 
The laminar distribution of calZosaZly 
activated units 
An example of an electrode track in the lateral bank 
of the lateral gyrus is presented in Fig. 9. Two lesions are 
Fig. 9. Photomicrograph of electrode penetration in the lateral 
bank of the lateral gyrus. Small arrows indicate position of 
two cells antidromically activated from the corpus callosum. 
Both units are located just in area 18 near the border between 
laminae III and IV. 
marker, 1 mm. 
Large arrows, 17/18 border region; 
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clearly visible. The position of two cells antidromically 
activated from the callosum are indicated by the arrows. 
cells were located deep in lamina III of area 18,within a 
Both 
millimetre of the 17/18 border. 
Table 3 shows the number of units in each lamina of area 17, 
the 17/18 border zone and area 18 that were orthodromically or 
antidrornically activated by electrical stimulation of the 
cornmissural pathways . The total number of cells recorded in 
each layer is also shown. Two cells were activated both anti-
dromically and orthodromically after CC stimulation. The 
percentage of orthodromically and antidromically activated units 
in each lamina, pooling data from all three areas, is shown in 
Fig . 10. Efferent callosal units were predominately located 
in lamina III, and were found most often in deep III at the 
III/IV border (cf. Fig. 9). Cells receiving comrnissural fibres 
were found throughout all cortical layers, the highest 
percentage of afferent cells occurring in laminae II, III and 
the IV/V border. 
Receptive field properties of units 
activat ed from CC and CV 
Of the 313 units located histologically, 186 were 
classified according to receptive field class using established 
criteria (sec METIIODS). The number of the various receptive 
field types in area 17, the 17/18 border region and area 18 
orthodromically or antidromically activated by commissural 
stimulation is shown in part A of Table 4. In part B of Table 4, 
the percentage of afferent and efferent cells for each class is 
shown. In Fig. 11, the data for each receptive field type has 
TABLE 3 
Laminar distribution of orthodromically and antidromically activated units 
L A y E R 
AREA II, III, III/IV, IV, IV/V V, V/VI, VI 
Total number 21 27 of units 13 20 6 7 7 6 
17 Orthodromic 7 6 2 2 2 2 0 2 
Antidromic 0 0 3 1 0 0 0 0 
Total number 
3 10 5 2 3 6 0 5 of units 
17 / 18 Orthodromic 1 2 0 2 1 1 0 1 
Antidromic 1 1 1 0 0 1 0 0 
Total number 41 49 of units 8 16 5 21 6 26 
18 Orthodro mic 9 18 2 2 2 3 0 2 
Antidromic 0 5 0 0 0 0 0 0 
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Fig. 10. 
Ill / IV IV / V V/ VI 
Lamina 
Proportion of cells in each cortical lamina 
orthodromically or antidromically activated after electrical 
stimulation of the corpus callosum and/or contralateral visual 
cortex. Data pooled from areas 17, 17/18 and 18. Open blocks, 
orthodronically activated cells; filled blocks, antidromically 
activated cells. 
TABLE 4 
(A) 
Receptive field properties of units activated from CC or CV 
RECEPTIVE FIELD CLASS 
AREA s SH C CH B BH A AH Other 
Number of units 31 20 8 4 2 1 2 1 4 17 Orthodromic 3 4 5 2 1 1 0 0 0 Antidromic 1 2 0 0 0 0 1 0 0 
Number of units 8 4 1 0 0 0 3 0 0 17/18 Orthodromic 3 1 0 0 0 0 0 0 0 Antidromic 0 1 l 0 0 0 2 0 0 
Number of units 49 4 21 11 6 l 4 0 1 18 Orthodromic 7 1 10 6 2 0 0 0 0 Antidromic 3 0 0 1 1 0 0 0 0 
( B) 
17 Orthodromic 9. 7 20.0 62.5 50.0 50.0 100.0 0 0 0 Antidromic 3 . 2 10.0 0 0 0 0 50.0 0 0 
17/18 Orthodromic 37.5 25.0 0 0 0 0 0 0 0 Antidromic 0 25.0 100.0 0 0 0 66.7 0 0 
18 Orthodromic 14.3 25.0 47.6 54.5 33.3 0 0 0 0 Antidromic 6.1 0 0 9.1 16.7 0 0 0 0 
60 
40 
V') 
20 
0 
C CH B 
Receptive field type 
Fig. 11. Proportion of cells in each receptive field class 
orthodromically or antidromically excited from the corpus 
callosum and/or contralateral visual cortex. Data pooled from 
areas 17, 17/18 and 18. Open blocks, orthodromically activated 
cells; filled blocks, antidromically activated cells. 
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Fig . 12 . A : ocular dominance distribution of cells 
or t hodromica l ly and antidromically activated after commissural 
stimulat i on . Ocular dominance classes 1 and 7 indicate units 
driven purely from the contralateral and ipsilateral eyes 
respectively (Hubel and Wiesel, 1962). B : Optimal direction 
of stimulus movement for antidromically excited cells. Left, 
ipsilate r al visual field; right , contralateral visual field. 
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been pooled from all three areas. Cells which send axons 
through the CC formed a heterogeneous population in terms of 
their receptive field classes. If the proportion of efferent 
cells within any given receptive field class is considered, 
then A cells made the greatest contribution to the callosal 
projection (see Fig. 11). The complex family of receptive 
fields (both the C and B groups) received callosal fibres 
more often than other receptive field classes. 
Binocularity was not an invariant property of orthodromi-
cally or antidromically activated units. Figure 12A shows the 
ocular dominance distribution (Hubel and Wiesel, 1962) for 
these two groups. Efferent commissural cells could have either 
monocular or binocular receptive fields. In terms of the total 
number of monocular and binocular units in the present study, 
a higher proportion of binocular units received commissural 
axons. This is in keeping with the observation that C and B 
type cells were driven by afferent callosal fibres more often 
than other cell groups. 
Twelve out of the 15 antidromically activated units 
showed a clear preference for stimulus movement in one 
direction. The optimal direction of movement for each of 
these units is shown in Fig. 12B. All efferent units were 
recorded in the left hemisphere, hence most units preferred 
movement towards the left, or ipsilateral visual hemifield. 
Cells in the opposite hemisphere receiving these callosal 
fibres would thus be commonly driven by stimuli moving into 
the corresponding contralateral visual field. 
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Fig. 13 . Orthodromic optic chiasm (OX) and optic radiation (OR) 
latencies of parastriate cells sending or receiving callosal 
axons . Open circles , latencies for cells orthodromically 
excited from the corpus callosum (CC) and/or contralateral 
vi sual cortex (CV); filled circles, latencies for cells 
antidromically activated from CC and/or CV. 
I n tegr at i on o f pr i mary and comm i ss ural pathways 
In some experiments, stimulating electrodes were placed 
in the optic chiasm (OX) and the ipsilateral optic radiation 
(OR) . The OX/OR latencies for area 18 units orthodromically 
or antidromically activated by the commissural stimulating 
electrodes is shown in Fig. 13. Three of the 4 efferent 
callosal units (filled circles) shown in Fig. 13 had OX/OR 
latencies indicative of a direct input from the larger 
geniculocortical axons (see Chapter 2). For most ortho-
dromically activated cells (open circles), OX/OR latencies 
were in the order of 3.2 to 4.0 msec, and 2.2 to 3.0 msec 
respectively. These latencies are typical of group 2 units 
as defined in Chapter 2. Many cells of the C family in 
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laminae II and III of area 18 are activated indirectly by fast 
conducting geniculocortical axons (Chapter 2). Thus, 
consistent with the observation that C cells in the superficial 
laminae received callosal afferents more often than other cell 
groups, the OX/OR latencies shown in Fig. 13 suggest that cells 
which received callosal fibres were generally driven indirectly 
by fast fibres from the ipsilateral dLGN. There were some 
monocular units which could be orthodromically excited from both 
the primary and callosal pathways. This implies that commissural 
input need not necessarily give rise to binocularity in cortical 
cells ( s ee DISCUSSION). 
Tw e nty-four units were antidromically activated from OR 
and 6 of these units received afferent callosal fibres. Of 
the 6 c e lls activated from the callosum, 5 had C type recept i ve 
fields and had fast corticofugal axons (mean antidromic latency 
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to OR stimulation, 0. 93 msec). None of the 8 slowly conducting 
corticofugal S cells (mean OR latency, 9. 8 rnsec) found in the 
present study, suggested elsewhere as providing the main input 
Lo th dL GN (!Iarvcy, 1970 and Cl1c::tptcr 3), could b o 
orthodromically activated from the commissural electrodes. 
DISCUSSION 
The receptive field properties of splenial fibres and 
e ff er ent c allosal c e lls recorded in visual 
cort ex : a comparison 
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Both efferent commissural cells recorded in areas 17 and 18, 
and callosal fibres recorded in the splenium, had receptive fields 
close to the vertical midline. This is in agreement with 
previous reports (Berlucchi et al . ., 1967; Ilubel and Wiesel, 1967; 
Shatz, 1977a). At both recording sites, a variety of receptive 
field classes were found to project through the callosum, 
although significant differences in the two populations are 
·apparent. Firstly, receptive fields of callosally recorded 
axons were, on average, larger than efferent cells recorded near 
the 17/18 border. Secondly, 93% of the fibres recorded in the 
callosum had binocular receptive fields, whereas only 54% of 
the units recorded near the 17/18 border were binocular. 
Finally, some spenial fibres had rec ept ive fields typical of 
more lateral visual areas, but none were found which resembled 
for example, the SH cells of area 17 antidromically activated 
from CC. 
Many of the differences noted above are presumably related 
to the fact the splenial fibr es have their origin in a number 
of visual cortical regions, whereas cortical recording was 
restricted to the 17/18 border region. The absence of splenial 
fibres with small receptive fields typical of area 17 may also 
reflect the inherent difficulties in finding these small 
fields when there are no indications as to their probable 
orientation and visual field position. In addition, differences 
in splcnial and cortical recording may occur if tungsten in 
glass microelectrodes are biased towards recording from the 
largest callosal axons. 
Bishop and Smith (1964) have claimed that all callosal 
fibres in the cat are myelinated ; most fibres have diameters 
less than 2µ (the peak is at about lµ) but fibres could be 
found as large as lOp in dic1meter (cf. their Pig. 3). In 
the present study, antidromic latencies to CC stimulation 
ranged from O. 8 to 8 .1 msec (mean 1. 8 msec). Assuming a 
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conduction distance of 17.5 mm and that conduction velocity 
approximately equals six times the axon diameter (Hursh, 1939), 
the diameters of the callosal axons of efferent cells recorded 
in visual cortex ranged from about 0.4 to 3.6µ, with a mean 
of 2.2µ. This is in reasonable agreement with the anatomical 
data of Bishop and Smith ( 1964) ,although very short latencies, 
indicative of the largest callosal axons, were not found. 
However , there was no tendency for efferent cells in area 17 
to have longer antidromic latencies than efferent units in 
area 18 . Thus the absence of splenial fibres with receptive 
fields typical of area 17 does not seem to be related to the 
size of striate callosal axons, but is probably due, for the 
most part, to the difficulties in locating these small 
receptive fields. 
The anatomical distribution of c e lls which send 
or receive callosal axons 
From the foregoing, there are indications that splenial 
recording,although useful in providing general information on 
callosally projecting cells, does not yield a complete account 
of the type of visual information being passed from one 
hemisphere to the other. Further, it is not possible with 
this technique to identify the exact cortical location of the 
cells which give rise to, or receive, callosal fibres. 
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From the histological reconstruction of cortical 
penetrations, antidromically activated units were found to be 
located within 1 mm either side of the 17/18 border and the 
highest proportion of efferent callosal cells was found within 
the 17/18 border zone itself. These results are in general 
agreement with previous HRP and electrophysiological studies 
(Toyama et al ., 1974; Innocenti and Fiore, 1976; Shatz, 1977b). 
Innocenti and Fiore, (1976) found labelled cells up to about 
2 mm either side of the 17/18 border and noted that cells 
were most numerous at the cortical level representing the area 
centralis. Shatz (1977b) reported that, after unilateral 
injections of IIRP into the 17/18 border at AP positions 
representing the area centralis, peroxidase filled cells in 
the contralateral hemisphere were found well into area 18 
(see her Fig. 5). All of the penetrations in the present study 
were made between Horsley-Clark posterior 1 and 5, and 
receptive fields were mostly within 5° of the area centralis 
in the inferior visual field. No antidromically activated 
units were found further than 1 mm into area 18. The presence 
of HRP-filled cells in area 18, 3 to 4 mm from the 17/18 
border (Shatz, 1977b) is surprising since units this distance 
into area 18 generally have receptive fields about 10° from 
the vertical midline (see Fig . 7). In agreement with HRP 
studies (Innocenti and Fiore, 1976; Shatz, 1977b), the 
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majority of efferent callosal units were located in lamina III, 
and were found most often in deep III and the III/IV border. 
Units receiving callosal fibres, on the other hand, 
were much more widespread in their anatomical distribution 
(Fig. 8A and Fig. 10). Although most of these units were 
located near the 17/18 border, a substantial number were found 
up to 3 mm into area 18. Most anatomical studies on the 
termination of callosal fibres do not suggest such a widespread 
distribution (Hubel and Wiesel, 1967; Fiskin et al., 1975; 
Shatz, 1977b), however some reports (Garey et al., 1968; 
Shoumura, 1974; Lund, Mitchell and Henry, 1978) do show some 
terminal degeneration well i~to area 18 especially when 
lesions were made in the cortical locus representing the area 
centralis. Units orthodromically excited from the callosum 
were found in all laminae in agreement with anatomical studies 
(Garey et al., 1968; Jacobson and Marcus, 1970; Fiskin et al., 
1975). Some of these anatomical studies (Fiskin et al., 1975; 
Shatz, 1977b) indicate that the laminar distribution of 
commissural terminals is different in area 17 and area 18. 
In the present study, no difference was recognized in the 
laminar pattern of orthodromically activated units in the 
two areas. 
The receptive field properties of callosally 
linked cells 
Antidromically activated units formed a heterogeneous 
group in terms of their receptive field classes (Table 4). The 
same was true for cells which received callosal fibres, although 
the C and B groups of cells were apparently excited more often 
than other receptive field classes (Fig. 11). Hubel and 
Wiesel (1967) have suggested that complex cells in area 18 
with receptive fields which overlap the midline may receive 
an input from simple cells in the contralateral hemisphere. 
The observation that many cells in the complex family are 
orthodromically activated after commissural stimulation could 
be regarded as supporting this idea. However, S cells are 
not the only receptive field class which send axons through 
the corpus callosum; any of · the 6 cell types identified as 
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efferent to the callosum could provide the input to the complex-
like cells in the contralateral hemisphere. It would be of 
·interest to characterise the receptive fields of simultaneously 
recorded pairs of units, one in each hemisphere, shown by a 
technique such as cross correlation analysis to be linked 
through the callosum. Such an experiment would give clear 
indications as to how callosally transmitted information is 
processed and elaborated within the visual cortex. 
Integration of primary and callosal 
visual pathways 
Cells sending axons through the callosum were occasionally 
driven directly by fibres from the ipsilateral dLGN. On the 
other hand, although cells which receive callosal axons were 
sometimes excited directly by ascending geniculocortical fibres, 
the majority were activated only indirectly after dLGN 
stimulation (Fig. 13). The observation that indirectly driven 
cells of the C and B groups received callosal afferents more 
often than other cell types is largely in agreement with the 
reports of Singer et al.~ (1975) and Tretter et al. ~ (1975), 
who found that units driven from the dLGN through combined 
mono- and polysynaptic or only polysynaptic circuits were 
commonly excited by callosal afferents. In another study, 
Toyama et al.~ (1974) also reported that both Type 1 
(monosynaptically excited from the dLGN) and Type 2 
(disynaptically excited after dLGN stimulation) neurons 
received callosal afferents. 
EPSPs are elicited monosynaptically and IPSP's 
disynaptically after commissural stimulation ( Toyama et al.~ 
1974). Thus cells receiving callosal fibres will often have 
30 
the same ordinal position with respect to both the ipsilateral 
and contralateral dLGN; they are commonly driven indirectly 
from the ipsilateral dLGN and are monosynaptically activated 
by efferent cells in the opposite hemisphere which in turn 
are excited directly by corticogeniculate fibres from their 
own dLGN. 
Units sending axons back into the optic radiation were 
occasionally excited by commissural stimulation. The majority 
of these callosally linked units were C cells with fast 
conducting subcortical axons; these units were probably 
projecting to the superior colliculus or some part of the 
thalamus (Singer et al.~ 1975; Tretter et al.~ 1975; Chapter 3). 
No slowly conducting corticofugal S cells were excited by 
callosal afferents. These cells are likely to send axons to 
the main laminae of the dLGN (Chapter 3) and it seems that 
interhemispheric links have little influence on the ipsilateral 
corticothalamic system. However, Ajmone-Marsan and Morillo 
(1961) found that stimulation of the contralateral gyrus 
affected the excitability of about one-third of the units 
encountered in the dLGN. The anatomical pathways involved 
in this contralateral influence of the dLGN remain unclear, 
although it is possible that more extensive searches in 
lamina VI, near the 17/18 border, would have revealed 
corticothalamic S cells with callosal input. 
The role of the corpus callosum in vision - functional 
implications of the present analysis 
It has been suggested that interhemispheric visual 
connections subserve a number of visual functions; these 
include midline stereopsis (Mitchell and Blakemore, 1970), 
the control of ocular vergence movements (Westheimer and 
Mitchell, 1969; Blakemore, 1970), and the unificatiort of the 
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two visual hemifields (Choudhury, Whitteridge and Wilson, 1965). 
A population of visual cortical neurons with differing 
receptive field disparities provides the neurophysiological 
substrate for binocular depth discrimination (Barlow, 
Blakemore and Pettigrew, 1967; Nikara et al.~ 1968). However, 
when an object lies directly behind or in front of a point 
being fixated, the disparate images of this object fall upon 
either both nasal or both temporal retinas respectively, hence 
in each case the two monocular images are projected to 
opposite cerebral hemispheres. Binocularity in cortical cells 
coding for midline stereopsis could arise in two ways; either 
by a direct projection from each eye via the ipsilateral dLGN 
assuming a certain amount of retina projects to both optic 
tracts, or if units in the two hemispheres are subsequently 
interrelated by fibres passing through the corpus callosum. 
Evidence supporting the latter suggestion has been 
reported by Mitchell and Blakemore (1970), who found that 
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a human patient with a sectioned corpus callosum could not 
judge the depth of objects presented at the midline. In 
addition, a patient with a sagittally sectioned optic chiasm, 
who was apparently blind to objects placed behind the fixation 
point, could see and judge the depths of objects presented 
in front of the point of fixation (Blakemore, 1970). These 
results suggest that the callosum is necessary for midline 
stereopsis; cells which code for these locations in space 
being binocular due to the convergence of excitatory inputs 
from the ipsilateral dLGN and the contralateral cortex. In 
support of this idea, the patient with a split callosum could 
only make vergence eye movements when both disparate stimuli 
were peripheral and located in the same visual hemifield. No 
vergence movements were observed when midline stimuli were 
presented (Westheimer and Mitchell, 1969). 
The conclusions drawn from psychophysical observations 
have been supported by various physiological studies carried 
out in cat and monkey. After unilateral section of an optic 
tract, some cells near the 17/18 border, in the visual cortex 
ipsilateral to the lesion, could be driven by visual stimuli 
presented near the vertical midline of the visual field. 
Responses were abolished by cooling the corresponding points 
in the contralateral hemisphere and by sectioning the CC 
(Choudhury et al . ., 1965 ; Vesbaesya et al . ., 1967). In cats 
with a sagittally sectioned optic chiasm (Berlucchi and 
Rizzolatti, 1968), some binocular units were record ed close 
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to the 17/18 border and their monocular receptive fields were 
always located in corresponding points of the nasal half of the 
visual field (i.e. temporal retina). Since, after OX section, 
only fibres from temporal retina reach the visual cortex, the 
binocularity observed in cortical units must be derived from 
the integration of the ipsilateral visual pathway with the 
commissural input from the other hemisphere. Furthermore, 
Dreher and Cottee (1975) have reported that ablation of parts 
of areas 17 and 18 significantly reduces the proportion of 
binocularly driven cells encountered in the corresponding 
regions of the contralateral hemisphere. 
From the present study, it has been shown that geniculo-
cortical and commissural fibres do converge on single cells . in 
the visual cortex. However, units which receive this dual 
projection do not necessarily have binocular receptive fields. 
In order to establish the exact way in which commissural fibres 
influence cortical neurons, future experiments should perhaps 
be directed towards studying the binocular interactions of 
these neurons before and after cooling of the contralateral 
cortex. With regard to the hypothesis of Blakemore (1969, 1970) 
concerning the role of the callosum in midline stereopsis, it 
might be expected that many cells which give rise to callosal 
fibres would have monocular receptive fields, binocularity only 
arising in the cell which receives these commissural axons. 
Recording in the callosum itself has suggested that most 
callosal axons are a lr eady binocular (see RESULTS of this 
paper; Hubel and Wiesel, 1967; Shatz, 1977a). However, from 
the present study, 6 (45 %) of the cortical units antidromically 
activated from CC and CV were monocular. Three of these units 
had S-type receptive fields and could perhaps be involved in 
the interhemispheric interactions suggested by Blakemore 
(19(>0, 1970). 
The situation is complicated by the observation that in 
both cat and monkey, a medial strip of retina does exist which 
contains both ipsilaterally and contralaterally projecting 
ganglion cells. Thus a given cerebral hemisphere can receive 
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fibres directly from either both nasal or both temporal retinae. 
In other words, a portion of visual space in front of and behind 
the fixation point can be encoded by binocular cortical neurons 
which derive their input purely from the primary visual 
projections from the two eyes. In the monkey, this zone is 
0 
about 1 wide (Stone, Leicester and Sherman, 1973; Bunt, 
Minckler and Johanson, 1977), hence about 0.5° of the ipsilateral 
visual field finds representation in the visual cortex. In the 
cat retina, the crossed-uncrossed division is less clearly defined 
and the various classes of retinal ganglion cells show different 
patterns of ipsilateral and contralateral projection (Stone 
and Fukuda, 1974; Kirk, Levick and Cleland, 1976; Kirk, Levick, 
Cleland, and Wassle, 1976). The crossed-uncrossed division 
of X-cells (Stone and Fukuda, 1974) or brisk sustained 
cells (Kirk, Levick, Cleland and Hassle, 1976) is similar 
to the pattern already described for the monkey. No ganglion 
cells more than about 1° into nasal retina have uncrossed 
axons, however brisk transient cells 0 . up to 15.8 in the 
temporal retina are found to project contralaterally (Kirk, 
Levick, Cleland and Wassle, 1976), and crossed sluggish 
units (Kirk, Levick and Cleland, 1976) or W cells (Stone and 
Fukuda, 1974) are even more widely distributed in the nasal 
visual hemifield. All 3 classes of ganglion cell project to 
the dLGN and visual cortex (Wilson and Stone, '1975; Cleland, 
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Levick, Morstyn and Wagner, 1976; Wilson , Rowe and Stone, 1976; 
Hollander and Vanegas, 1977; LeVay and Ferster, 1977) although 
the slowest conducting axons (sluggish or W) do not appear 
to project to any great extent to areas 17 and 18. 
Cortical cells with receptive fields up to about 1.5° in 
the ipsilateral visual hemifield have been reported (Hubel and 
Wiesel, 1967; Leicester, 1968; Nikara at al. 3 1968; Blakemore, 
1969; Tusa et al . 3 1977) and Leicester (1968) has shown that 
this representation is still present after section of the corpus 
callosum. The degree of overlap generally found for cortical 
receptive fields recorded in the two occipital lobes resembles 
the overlap of crossed-uncrossed X- or brisk sustained ganglion 
cells in the retina. In the present study, many cortical units 
had receptive field centres 1 to 2° into the ipsilateral 
hemifield . Occasionally, however, receptive fields, nearly 
all of which were driven only from the contralateral eye, 
were found at much greater distances ipsilateral to the zero 
vertical meridian 0 (the most peripheral unit was about 13 from 
the midline). Some of these units were excited after 
stimulation of OX and OR with latencies indicative of activation 
by fast (probably brisk transien8 geniculocortical axons. 
This result is not unexpected given that, firstly, brisk 
transient cells up to 15.8° in temporal retina have crossed 
retinogeniculate axons (Kirk, Levick, Cleland and W~ssle , 1976) 
... 
and secondly, receptive field centres of cells up to 36° 
in the ipsilateral hemifield of the contralateral eye have 
been found in layer Band the medial interlamina nucleus (MIN) 
(Kinston, Vadas and Bishop, 1969; Sanderson, 1971; Sanderson 
and Sherman, 1972; Dreher and Sefton, 1978). Recently it 
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has been shown that both these thalamic areas project to area 18 
(cf. Chapter 2). 
If brisk transient (Kirk, Levick, Cleland and Wassle, 1976) 
or Y- (Stone and Fukuda, 1974) fibres from the contralateral 
and ipsilateral temporal retinae coverge on single cortical 
neurons, then large disparities could be produced which would 
code for the depths of objects presented at the midline, 
independent of the callosum (Levick, 1977). Such binocular 
units would, however, give no information concerning the depth 
of objects beyond the fixation point. Cortical units with 
receptive fields in the ipsilateral eye more than 1 to 1.5° 
into the ipsilateral · hemifield were rarely encountered. This 
result correlates well with the observation that no ganglion 
cells with receptive fields more than 1° into the nasal retina 
are found to project ipsilaterally to the cortex (Stone, 1966; 
Stone and Fukuda, 1974; Kirk, Levick and Cleland, 1976; Kirk, 
Levick, Cleland and Wassle, 1976). Thus the perception of 
depth well beyond the fixation point would seemingly require 
participation of interhemispheric pathways. One binocular 
cortical unit had both receptive fields about 4° into the 
ipsilateral visual hemifiel<l. The unit was orthodromically 
activated from the callosum and the receptive field from the 
ipsilateral eye may have been derived from this commissural 
input, although it should be added that eff e rent callosal cells 
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were not found to have such peripheral receptive fields 
(see below). 
Bishop and Henry (1971) have put forward the hypothesis 
that there are two kinds of steropsis. Fine stereopsis requires 
closely matched binocular images and operates over a narrow 
range of spatial disparities. Coarse steropsis is much less 
specific in that it does not require similar visual stimuli in 
the two eyes, and can operate up to spatial disparities as much 
as 7 or 8°. Bishop and Henry (1971) suggest that a population 
of binocular cortical cells with a range of receptive field 
disparities , receiving their input from both eyes via the 
ipsilateral dLGN, provides the receptive field dispa~ity 
mechanism necessary for fine steropsis. The overlap of 
crossed-uncrossed X- or brisk sustained cells observed . in the 
retina may well be sufficient to allow binocular units to code 
for midline steropsis, both in front of and behind the fixation 
point, independent of the visual callosal fibres coming from 
the contralateral cortex. Coarse stereopsis, on the other 
hand , was postulated as requiring transcallosal connections; 
the stimulus disparities used by Blakemore, (1970) in a 
patient with OX section, and by Mitchell and Blakemore (1970) 
in a patient with sectioned callosum, were regarded as being 
suitable for testing the presence or absence of coarse, and 
not fine, stereopsis. 
In the present study, although efferent callosal units 
had receptive fields close to the rnidline, some units receiving 
cornrnissural fibres had receptive fields up to 9° in the 
contralateral, and up to 8° in the ipsilatcral visual 
hemifields. Many of the contralaterally located units were 
excited by stimulation of the opposite hemisphere which 
suggests that the cells in the contralateral cortex giving 
rise to these callosal fibres themselves had receptive 
fields near the zero vertical meridian. If this is so, then 
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recipient cells would have highly disparate binocular receptive 
0 fields, with disparities as large as 10 . This possible range 
of disparities is very similar to the behavioural limit of 
0 7 or 8 required by coarse stereopsis. SoLle peripheral units 
in area 18, activated from CC and CV, had binocular receptive 
fields but their disparities were always similar to those of 
other units recorded nearby, which were not excited by 
commissural stimulation. If the receptive field pairs of 
peripheral, binocular, callosally excited units are both 
derived from the primary ipsilateral visual pathway, then the 
input from the other hemisphere could give rise to another 
pair of receptive fields near the vertical meridian, making 4 
in all. Cells having these properties would be encountered 
more often in area 18 than in area 17. Large receptive field 
disparities and units with more than two receptive fields were 
not found in the present study. However, further quantitative 
analysis is necessary to investigate these possibilities, since 
the input froQ the contralateral hemisphere May be weak, and 
not recognised using qualitative methods wl1ich involve 
monocular testing of each eye in turn. Lund e t al.~ (1978) 
have shown that the termination of callosal fibres is modified 
in cats ruised with an induced squint. Unlike normal animals, 
the callosal projection in these animals extends well into 
area 17. Since the callosal system develops comparatively 
late in development (Anker and Cragg, 1974) it may be that 
eye alignment is an important factor in determining the 
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distribution of callosal axon s (cf. Shatz, 1977a, b). Perhaps 
the expansion of the callosal projection in cats with induced 
squint is in some way related to the larger image disparities 
which must arise from this misalignment. 
The callosum is also likely to be involved in unifying the 
two visual hcmifields in order to produce a continuous 
representation of visual space. In addition, Dow and Dubner 
( 1971) have suggested that callosal connections are important 
in the visual tracking of objects moving from one heciifield 
into the other. It might be expected, therefore, that the 
stinuli of particular relevance in these contexts would 
generally be those moving towards the vertical boundary 
between the two h e mifields, since only these stimuli would 
be about to cross from one visual hemifield to the other. 
Indeed, for efferent callosal units recorded near the 17/18 
border, there was a definate tendency for the optimal 
direction of movement to be towards the ipsilateral visual 
field (Fig . 12B). This result correlates well with the 
observations of Dow and Dubner (1971), who found that the 
callosal input to neurons recorded in the middle suprasylvian 
gyrus of the cat was specific for movement towards the 
vertical midline as well as downward. The commissural input 
to cells in lateral cortical areas with large receptive fields 
which are not restricted to the contralateral hemifield is 
likely to provide the physiological basis both for perceptual 
unity of visual space and for oculomotor tracking of objects 
which cross the boundary between the two visual hemifields. 
Conclusions 
In marked contrast to other corticofugal projections 
(Chapt er 3, Chapter 4), the receptive fields of efferent 
callosal cells form a remarkably heterogeneous group. This 
is presumably related to the fact that the callosum is 
involved in a number of different visual functions. Some 
significant characteristics of callosally linked units have 
however, emerged from the present study. Efferent callosal 
cells have receptive fields close to the vertical midline 
and tend to have preferred directions of movement towards 
the ipsilateral visual field. The latter observation may 
well be related to the role of the callosum in unifying the 
two hemifields and in alerting the contralateral hemisphere 
to the fact that an object is about to enter its visual 
hemifield. Cells receiving callosal axons can have receptive 
fields well into both the contralateral and ipsilateral visual 
hemifields. Since the cells of origin of commissural fibres 
have receptive fields close to the midline, the resulting 
disparities could provide at least part of the physiological 
mechanism underlying the perception of large disparate 
images ( coarse steropsis). 
The exact nature of the interaction between primary and 
callosal pathways is not yet clear. In the cat, especially, 
the observation that substantial parts of the temporal retina 
contain ganglion cells which project to both ipsilateral and 
contralateral optic tracts implies that many of the functions 
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previously ascribed to the callosum do not necessarily require 
interhemispheric interactions. In monkey, and probably in man, 
the medial strip from which both crossed and uncrossed axons 
emerge is only about 1° wide, hence visual callosal connections 
may be relatively more important in these species. 
GENERAL SUMMARY AND CONCLUSIONS 
The experiments described in this thesis have examined the 
functional properties of some of the intrinsic and extrinsic 
pathways of the cat visual cortex. 
Chapters 1 and 2 have examined the afferent connectivity 
of areas 17 and 18 . Cells with S, C and B receptive 
field properties are found in both regions and in general, the 
intrinsic organization of the striate and parastriate cortex 
is very similar. Differences in the functional properties of 
the various cell types in areas 17 and 18 appear to be related, 
in the main , to the fact that the afferent input to these areas 
arises from different cell populations within the lateral 
geniculate nucleus. Consistent with anatomical studies, the 
physiological analysis indicates that cells at the bottom of 
lamina III and in lamina IV are commonly directly driven by 
geniculocortical fibres. A further afferent input to lamina VI 
is also described. Although many cell types are monosynaptically 
innervated, the functional properties of first order neurons in 
areas 17 and 18 are mostly reflected in the receptive fields 
of cells in the S family. Some cells in the C and B categories 
are directly driven, but the majority (especially in area 18) 
are indirectly activated by thalamic afferents. A model 
depicting the early stages of afferent processing in area 18 is 
shown in Fig. 15, Chapter 2. 
The physiological analysis supports the cytoarchitectonic 
subdivision into striate and parastriate cortex and the results 
indicate that incoming visual information is, for the most part, 
processed independently in the two areas. From an examination 
of the receptive field properties of cells in the two areas, it 
would seem that each area is capable of discriminating the 
elements of form and motion of objects in visual space. It is 
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suggested that areas 17 and 18 may be concerned with far and near 
vision respectively. 
The interrelationship of areas 17 and 18 with other 
cortical and subcortical regions has been examined in Chapters 3, 
4 and 5. Consistent with anatomical studies, subcortically 
projecting neurons are located in laminae V and VI while cells 
efferent to other cortical areas are found in lamina III. There 
is a great deal of similarity in the functional properties of 
striate and parastriate cells projecting to a given extrinsic 
site. In both areas, C cells in lamina V project to the superior 
colliculus and thalamic nuclei medial to the lateral geniculate 
nucleus, while C cells in lamina VI are efferent to the 
perigeniculate nucleus. The projection from lamina VI to the 
lateral geniculate nucleus arises from cells with S type 
receptive fields. The majority of subcortically projecting C 
cells are indirectly driven by geniculocortical fibres whereas 
many efferent S cells are monosynaptically excited by incoming 
afferents. The analysis of the type of visual information 
being sent to these subcortical regions has been discussed in 
relation to the possible functional significance of these 
extrinsic pathways. It is suggested that the C cell projections 
are involved in general alerting mechanisms, in orienting 
responses(of both head and eyes) towards novel stimuli and in 
the first stage of coarse form perception and discrimination. 
In contrast, the s cell projection is likely to be involved in 
high resolution tasks and more static visuomotor behaviours 
which arise during fixation. 
The results in Chapter 4 indicate that the level of 
processing of visual information attained in the striate cortex 
prior to transfer to the Clare-Bishop area is mostly reflected 
in the receptive field properties of B cells. Although there 
is an apparent homogeneity of function in the tecto-pulvinar-
lateral suprasylvian system it is clear that the striate 
influence on this system is not uniform. Thus C cells project 
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to the superior colliculus and pulvinar complex, whereas B cells 
are efferent to the Clare-Bishop region. 
distinction has yet to be elucidated. 
The reason for this 
Unlike the other efferent systems, where a given projection 
arises from cells with similar receptive field properties, the 
commissural pathway contains an assortment of cell classes. 
This presumably reflects the diversity of functions mediated 
by the interhcmispheric system. However, a number of significant 
characteristics of callosally linked units have emerged and the 
present results suggest that the callosum is involved in alerting 
a cerebral hemisphere to the fact that an object is about to 
enter its visual hemifield and is necessary for the perception 
of large disparate images (coarse stereopsis). 
The afferent projections to areas 17 and 18 from the 
contralateral cortex and the ipsilateral Clare-Bishop area 
reveal striking similarities. In both cases the incoming 
association fibres commonly innervate C and B cells in the 
superficial layers (II and III) as well as cells located at 
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the border between lamina IV and lamina V. These results, when 
considered with the observation that corticocortical projections 
arise from lamina III, support the concept that the superficial 
layers arc mainly concerned with the intracortical correlation 
of visual information. 
A problem which continually arises in any consideration of 
the functional importance of connections between one visual are 
and another is that, despite the anatomical and physiological 
evidence for these pathways, disruption of a given area often 
produces little or no observable change in the behavioural 
responses of an experimental animal. This paradox lies at the 
heart of the debate concerning functional localization on the 
one hand and equipotentiality of the visual cortex on the other. 
Although there are many similarities in the intrinsic organization 
of areas 17 and 18, there is no doubt that the two areas are 
physiologically distinct from each other. Furthermore, the 
apparent normality of animals with lesions confined to specific 
parts of the visual system may be due to the fact that current 
behavioural tests are not sufficiently sensitive to recognise 
any deficits that might occur. There remains, therefore, 
considerable justification for the proposal that different 
functions are localised in different regions. However, the 
richness and complexity of the connections between visual areas 
implies that the brain functions as a whole, not through the 
activity of circumscribed areas alone, but by the interplay of 
its many parts. 
A start has been made to study the relative functional 
importance of individual cortical areas in themselves as compared 
to their interrelationships with other visual areas. For the 
immediate future, the analysis of the response properties and 
functional connectivity of single cells still appears to be the 
most effective way of resolving these problems, while at the 
same time maintaining much of the integrity of the system as 
a whole. 
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